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INTRODUCTION 
Annual weeds disseminate through seeds which, under 
field conditions, are shed onto the soil surface. Soil 
micro-topographic variability, by creating a variety of 
microsites with different moisture/aeration conditions, may 
regulate seed germination and seedling development of 
surface lying seeds. 
Dormant seeds may be incorporated into the soil profile 
by tillage operations. In the absence of tillage, weed 
seeds may enter the soil through fissures or cracks, or they 
could be forced into it by animals or raindrop impact. 
Several morphological traits of weed seeds, such as small 
size, hairy, ridged or sticky coats, may facilitate their 
association to soil particles. 
The environment within the soil is heterogeneous due to 
the spatial variability of soil physical properties. 
Vertical positioning of weed seeds in the soil profile, by 
exposing them to different moisture, aeration, and 
temperature levels, may regulate their fate. The soil space 
however, has another micro-scale, three-dimensional, 
variability. Well-structured soils are composed of a matrix 
of macropores containing a variety of different sizes of 
aggregates (peds) with high degree of internal cementation 
and microporosity. Due to their structural dissimilarities 
matrix and peds have different moisture/aeration 
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characteristics with the potential to create microsites 
offering distinct environmental conditions. Seed-soil 
microsites may have an important ecological role regulating 
weed seed germination, dormancy and viability. 
Tillage may affect the fate of weed seeds, not only by 
placing them at different soil profile depths, but by 
changing the distribution of soil aggregate sizes it may 
also modify the number, type, and characteristics of seed-
soil microsites. 
The present research attempted first, to identify the 
location of weed seeds in relation to soil structural units; 
second, to compare the long-term effects of two contrasting 
tillage regimes on the distribution of weed seeds in 
relation to soil aggregate size-fractions; and third, to 
characterize the environmental conditions offered by 
different seed-soil microsites and their effects on seed 
germination. 
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LITERATURE REVIEW 
Fate of Weed Seeds in the Soil 
One of the most important characteristics of successful 
annual weeds is a prolific seed production. At the end of 
their life cycle, annual plants shed seeds onto the soil 
surface, where they remain or are incorporated into the 
profile by natural or artificial (tillage operations) means 
(Roberts, 1970). The fate of weed seeds is determined by 
the environmental conditions they encounter when reaching 
the soil and by the degree and type of seed dormancy they 
possess. The dynamics of weed seed populations in the soil 
has been summarized by Roberts (1970) and Schafer and 
Chilcote (1970) (Figure 1). 
Seeds of many weed species possess primary or innate 
dormancy, such that they will not germinate even if placed 
under optimum conditions for germination (Mayer and 
Poljakoff-Mayber, 1975; Bewley and Black, 1982; (1) in 
Figure 1). A period of after-ripening will be required by 
these seeds before they are germinable ((2) in Figure 1). 
Non-dormant, or after-ripened, seeds encountering good 
moisture supply and the proper temperature and aeration 
conditions may germinate ((4) in Figure 1) and produce 
seedlings ((5) in Figure 1). The successful establishment 
of a seedling will depend on favorable environmental 
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FIGURE 1. Fate of weed seeds in the soil (after Schafer and 
Chilcote, 1970) 
conditions after germination and on the absence of harmful 
micro and macro-organisms that may prey on it; otherwise 
seedling death would occur ((6) in Figure 1). If any of the 
environmental requirements for germination is not met, non-
dormant seeds of certain species may be induced to a 
secondary dormant state ((7) in Figure 1). For example, 
secondary dormancy of summer annual species develops 
sometime during the summer, it is normally broken by the low 
winter temperatures ((2) in Figure 1), and the seed will 
enter the spring in a germinable state (Bewley and Black, 
1982). 
Seed dormancy is the single most important 
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characteristic of annual weed species. It assures the 
maintenance of a significant seed pool in the soil, even 
under conditions of minimum seed replenishment, for many 
years and therefore an ever-present potential weed problem 
in crop production (Chepil, 1945a; Staniforth, 1961; 
Roberts, 1970). 
Seed dormancy 
The prolific seed production of annual plant species is 
accom.panied in many successful annual weeds by the property 
of seed dormancy. The significance of seed dormancy is such 
that it has been recognized that present weed management 
techniques and future developments in weed control methods 
are dependent on our understanding of the conditions under 
which dormancy is terminated and re-imposed on weed seeds in 
the soil (Staniforth, 1961; National Academy of Sciences, 
1968). 
Viable dormant seeds will not germinate when placed 
under conditions usually considered adequate for germination 
(Roberts, 1972). Three types of seed dormancy are presently 
recognized and they were appropriately described by Harper 
(1957): "Some seeds are born dormant, some achieve dormancy 
and some have dormancy thrust upon them". Seeds that are 
dormant at maturity will not germinate until a period of 
after-ripening, usually under specific environmental 
conditions, elapses and they are said to possess innate or 
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primary dormancy. Many seeds not possessing innate 
dormancy, or seeds that underwent a period of after-
ripening, may achieve induced dormancy when exposed to 
adverse environmental conditions for extended periods of 
time. These seeds may imbibe but will not germinate usually 
because temperature or aeration are not satisfactory. This 
induced, or secondary, dormancy persists in the seeds for 
some time after the limiting factor for germination has been 
removed. The thrust of dormancy is exerted on seeds by 
inadequate levels of one or more of the environmental 
factors (usually not moisture supply) required for 
germination. Seeds under enforced dormancy however, 
germinate as soon as the proper conditions for germination 
(such as removing the seeds from the soil) are restored 
(Harper, 1957; National Academy of Sciences, 1958; Roberts, 
1972; Mayer and Poljakoff-Mayber, 1975; Karssen, 1981a, b; 
Bewley and Black, 1982). 
Seeds of several plant species are known to remain 
viable in the soil for many years (Roberts, 1970). 
Environmental conditions in the soil may be such that they 
induce or enforce dormancy on seeds. It is also known that 
seed burial may modify the environmental requirements for 
breaking seed dormancy. Some weed seeds, not requiring 
light for germination soon after leaving the mother plant, 
develop a light requirement for germination after buried in 
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the soil (Bewley and Black, 1982; Roberts, 1970, 1972; 
Stoller and Wax, 1974; Taylorson, 1970, 1972). Low oxygen 
tensions, high carbon dioxide concentrations, decreased 
amplitude of temperature cyles, absence of light, presence 
of natural germination inhibitors, and high moisture levels 
prolong the life span of weed seeds in the soil by 
reinforcing dormancy. Conversely, good oxygen supply to the 
imbibed seed, increased amplitude of temperature variations, 
light exposure, high nitrate concentrations, and the 
exposure of seeds to some natural germination promoters 
release seeds from the dormant condition (Bewley and Black, 
1982; Bibbey, 1948; Dawson and Bruns, 1975; Edwards, 1972; 
Karssen, 1981b; Roberts, 1972; Schafer and Chilcote, 1970; 
Sells, 1965; Taylorson, 1970; Villiers, 1972). Most of the 
environmental factors affecting seed dormancy and viability 
are regulated by soil physical and chemical properties. The 
environment weed seeds encounter when shed from the mother 
plant is determined not only by the predominant climatic 
conditions, but also by the particular location of the seed 
in the soil space. 
Seed germination 
Successful annual and biennial weeds depend on seed 
production for dissemination and survival of the species 
(National Academy of Sciences, 1968). The pool of dormant 
weed seeds in the soil assures a potential weed problem in 
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crop production, but it is only after seed germination and 
seedling emergence and establishment that the problem 
materializes (Roberts, 1970). Weeds begin competition with 
crop plants, for light, water and nutrients, only after 
seedling growth is initiated (National Academy of Sciences, 
1968) . 
The germination of seeds involves a set of complex 
physiological processes beginning with the uptake of water 
and culminating with the protrusion of the radicle through 
the seed coat. Dormant or not, viable or not, most intact 
seeds will imbibe when placed in contact with abundant 
moisture supply (Bewley and Black, 1978; Come and Tissaoui, 
1972; Mayer and Poljakoff-Mayber, 1975). Imbibition of non-
dormant seeds is considered the triggering factor for 
activation of enzymes, reassembly of biological membranes, 
and resumption of the metabolic activities that were 
suspended in the previously dry seed (Bewley and Black, 
1978; Come and Tissaoui, 1972). Accompanying the uptake of 
water, there is an initially sharp increase in oxygen 
uptake. Respiration may increase five to six times, from 
the very low levels pre-existing in the dry seed during the 
first 30 hours of imbibition (Bewley and Black, 1978; 
Edwards, 1972). For most seeds, the rates of water and 
oxygen uptake somewhat parallel each other, with respiration 
initially lagging a few hours behind imbibition. Water 
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uptake proceeds very rapidly during the first 10 to 15 
hours, stabilizes during ten hours, and increases sharply 
again at 20 to 25 hours, coinciding with the onset of 
visible germination (radicle protrudes through the seed 
coat). The respiration of imbibing seeds increases during 
the first ten hours, reaches a plateau, and resumes again at 
high rates after radicle protrusion (Bewley and Black, 1978; 
Edwards, 1972; Mayer and Poljakoff-Mayber, 1975). 
Seed germination is regulated by internal physiological 
processes and by the exuernal environment. The previous 
description of the initial stages of seed germination points 
to at least two environmental factors affecting them: 
moisture and oxygen supply. Most seeds however, will also 
require an appropriate temperature for germination to occur. 
All these environmental parameters affect seed germination 
under both laboratory and field conditions (Bibbey, 1935; 
Dasberg et al., 1966; Evans and Young, 1972a; Schafer and 
Chilcote, 1970; Sells, 1955). Under field conditions 
however, these environmental factors are regulated not only 
by the microclimate above the soil surface, but also by the 
physical properties of the soil (Currie, 1972; Gulliver and 
Heydecker, 1972). Due to obvious advantages in controlling 
the experimental system, most of the information now 
available on the environmental regulation of weed seed 
germination has been originated in the laboratory (Roberts, 
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1970). In many of these experiments, soil has not been 
included as the medium for germination, or if it has, it had 
an homogeneous character (sifted) with exclusion of its 
natural structural variability (Collis-George and Hector, 
1955; Collis-George and Sands, 1959, 1962; Dasberg, 1971; 
Dasberg and Mendel, 1971). 
The Soil Environment 
The soil is the medium where seeds germinate in the 
field and weed seeds are maintained in a viable, but often 
dormant state, creating a potential weed problem for crop 
production. Although our understanding of the relationships 
between soil physical properties and plant growth is still 
incomplete, certain soil characteristics are known to 
influence seed germination. Most of these properties vary 
within the soil space, creating a highly heterogeneous 
environment with many potentially different seed-soil 
relationships. It is the soil micro-environment surrounding 
a weed seed that determines its fate: germination, dormancy 
or loss of viability. The following discussion stresses 
only those soil physical properties relevant to the present 
research. 
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Soil physical properties important for plant growth 
The soil is a three-phase system formed by solids, 
gases and liquids. The solids are minerals and dead organic 
matter; the 'soil solution' consists of a variety of ions, 
organic and inorganic compounds and materials in suspension 
in water; oxygen, carbon dioxide and nitrogen are the main 
components of the soil atmosphere (Black, 1958; Currie, 
1972). The spaces among solid particles are referred to as 
soil pores and they are competitively occupied by the soil 
solution or gases. Soil mineral particles are usually 
classified into three size-fractions: sand (>0.2 mm), silt 
(0.2-0.02 mm), and clay (<0.02 mm in diameter). The texture 
of a soil is defined by the proportions of sand, silt and 
clay it contains (Black, 1958). Soil organic matter, more 
appropriately referred to as humus, consists of partially 
decomposed residues and by-products of complex chemistry. 
Clay and organic matter particles, collectively known as 
soil colloids, possess electrical charges on their surfaces, 
originating the soil ionic exchange capacity. Primary soil 
particles aggregate into soil peds, crumbs or simply 
aggregates, originating a variety of soil structural 
arrangements. The binding of mineral particles is brought 
about by the attractive electrical forces of soil colloids 
(flocculation), by the physical presence of soil micro­
organisms (mainly fungi and actinomycetes), and by the 
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coating of soil particles by organic compounds produced by 
soil micro-organisms and plant roots. These binding forces 
are helped by cycles of freezing and thawing and wetting and 
drying which cause expansion and contraction of soil 
aggregates (Currie, 1972; Emerson, 1959; Harris et al., 
1956; Yoder, 1937). 
Water shares the soil pore space with the soil 
atmosphere. Saturated soils have all pore spaces filled 
with water. In nature however, the force of gravity will 
suffice to drain the water from all large pores and the soil 
will then be unsaturated. In these soils, water occurs as 
films around solid particles, the continuity of which is 
largely determined by the size of the pores (Black, 1968; 
Currie, 1972). Soil particles attract water molecules by 
hydrogen bonding and by hydration of exchangeable cations, 
decreasing its free energy status. The attractive force 
exerted by soil particles on water is usually referred to as 
the matric potential. An additional factor decreasing the 
free energy of soil water is the presence of solutes 
creating the corresponding osmotic potential (Black, 1958; 
Collis-George and Sands, 1959). The movement of water in 
unsaturated soils is affected mainly by matric potential but 
also by the hydraulic conductivity of the soil which is a 
property related to the size, continuity and tortuosity of 
the pore space (Collis-George and Sands, 1959; Dasberg and 
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Mendel, 1971). More negative matric potentials restrict 
water movement in the soil, but the magnitude of the effect 
is dependent on the size of the pores. "The large pore 
spaces that permit high rates of flow under conditions near 
saturation at low matric suctions are more numerous in soils 
of coarse texture than in soils of fine texture, but the 
small pores and films through which flow occurs at high 
matric suctions are more numerous in soils of fine texture 
..." (Black, 1958). Water retention and movement in a well-
structured soil may not be uniform, even within the same 
depth layer. Unsaturated soils may be considered as formed 
by a well-aerated matrix, characterized by large pore 
spaces, containing "a series of discrete coherent micro-
porous units" (peds) which retain soil water at higher 
tensions and for longer periods of time than the matrix 
(Currie, 1972). 
The soil atmosphere usually contains the same main 
gases that compose the atmosphere of the earth: oxygen, 
carbon dioxide and nitrogen. Other gases however, have been 
found in soils (ethylene, nitrous oxide, methane) and they 
may be important components of the soil atmosphere under 
certain conditions (Black, 1968; Grable, 1965; Smith, 1977). 
Soil aeration is defined as the exchange of oxygen and 
carbon dioxide between the soil and the atmosphere (Black, 
1968). Soil micro-organisms, germinating seeds, and plant 
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roots consume oxygen and release carbon dioxide during 
respiration. Soil respiration is affected by the water 
content and temperature of the soil, and values in the order 
of 5 to 13 liters of oxygen/square meter/day have been 
experimentally determined (Black, 1968). Under field 
conditions, carbon dioxide should diffuse out and oxygen 
into the soil if the atmospheric composition of the air is 
to be maintained. "The extent to which soil air differs in 
composition from atmospheric air is determined by the rate 
at which oxygen is consumed and other gases are produced and 
by the rate of gaseous exchange between the soil and the 
atmosphere" (Black, 1968). Gaseous diffusion is the 
spontaneous process by which a gas moves from one region to 
adjacent ones down a concentration gradient. According to 
Pick's law, diffusion is a function of the concentration 
gradient, the diffusion path (length and cross-sectional 
area), and the diffusion coefficient of the gas in the 
medium under consideration (Nobel, 1974). The gaseous 
composition of surface layers of the soil is similar to that 
of the atmosphere. With increased soil profile depth, there 
is usually an increase in carbon dioxide and a decrease in 
oxygen concentrations (Black, 1958). Vertical diffusion of 
oxygen is greatly affected by the porosity and moisture 
content of the soil. Fine textured soils, having high 
porosity but small pores, have better oxygen diffusion than 
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coarse textured soils when dry, but this trend is reversed 
when they are moist (Black, 1958; Grable, 1965). Oxygen 
diffusion in air is 10,000 times greater than in water, due 
to a much lower diffusion coefficient of oxygen in the 
latter medium (Currie, 1951). The amount of oxygen 
available for respiration in the soil environment may be 
greatly affected by soil moisture content. 
Until recently, most theories of soil aeration had not 
accounted for the variability in porosity associated with 
soil structure. In 1951, Currie modified the theory of soil 
aeration to account for the bi-modal pattern of pore size 
distribution found in we11-structured soils. A lengthy 
quote from Currie (1955) is justified for a better 
understanding of the theory: 
For adequate 'soil' aeration, there should be a 
continuit'^' of air-filled pores over the greater 
part of this diffusion path. If, as it frequently 
is, the soil pore space is regarded as 
homogeneous, that is with a completely random 
spatial distribution of its pores, then it is 
necessary to consider only a simple diffusion path 
between source and sink using the diffusion 
coefficient for the soil in bulk. However, most 
soils show heterogeneity of pore distribution. 
For example, soils with a highly developed natural 
ped structure, and cultivated soils with their 
crumbs and clods, have distinct zones of crumb 
pores, separated by a more continuous system of 
inter-crumb pores. Soils with less highly 
developed structure exhibit the same feature, but 
with worm channels and old root channels replacing 
the inter-crumb pores. In such soils, a more 
complex diffusion pattern must exist. Measurement 
of diffusion in packings of soil crumbs shows that 
the inter-crumb pores contribute more per unit of 
their volume to diffusion through the packing than 
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do crumb pores (Currie, 1961). This difference, 
moreover, depends on the nature of the soils from 
which the crumbs originate. Diffusion to depth in 
heterogeneous soils will thus occur preferentially 
through the inter-crumb pores, but the path to the 
respiring site will be completed within crumb 
pores that are partly or even wholly moisture-
saturated. Any attempt to describe the aeration 
pattern in soils possessing such a bimodal pore 
distribution (Currie, 1951) needs some knowledge 
of gas diffusion within the crumbs themselves. 
Oxygen diffusion within soil aggregates is still a function 
of all factors affecting gaseous diffusion. Diffusion 
coefficients inside soil peds however, would be lower since 
these peds may be fully moist in an otherwise unsaturated 
soil. It follows that anaerobic or sub-aerobic conditions 
may develop within soil aggregates, even though the overall 
aeration status of the soil is adequate for plant growth 
(Currie, 1961, 1965, 1972). Smith (1977) has stated that, 
under uniform moisture conditions, the degree of 
anaerobiosis of the soil as a whole would be determined by 
the size of its aggregates. 
Soil temperatures are known to influence weed seed 
germination, dormancy inducing and dormancy breaking 
mechanisms. Thermal diffusivity of the soil is small when 
compared with that of the air. Daily and seasonal 
temperature waves are clear only on soil surface layers but 
diminish with soil profile depth. There is also a time lag 
in maximum and minimum soil temperatures in relation to 
those of the air above (Rosenberg, 1974). Variability in 
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soil temperatures within the same soil depth layer are not 
as well-documented as those affecting different soil profile 
depths. The existence of fully moist peds embedded in a dry 
soil matrix, both with different thermal diffusivity 
properties due to different water contents, suggests the 
possibility of thermal variability in the soil along an 
horizontal axis. 
Tillage effects on soil physical properties 
For many centuries, man has tilled the soil with the, 
conscious or unconscious, objectives of controlling weeds 
and improving the soil physical conditions (tilth) for plant 
growth (Kuipers, 1953). The soil-seedbed was to provide a 
suitable environment for crop seed germination and seedling 
growth and establishment (Russell, 1956). This objective 
implies that there are certain soil physical conditions 
considered more desirable for crop growth than others. This 
'ideal' environment however, has historically changed, and 
the aims of tillage today are somewhat different that those 
prevailing in previous times. In 1966, Russell wrote: 
In fact, about 20 years ago we at Rothamstead 
concluded that farmers had over-estimated the 
virtues of cultivation, in so far as they affect 
soil tilth, and that the principal criterion of 
good tillage was in its efficiency for weed 
control. 
Many tillage operations that were essential components 
of past production systems have now likewise been questioned 
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as far as their need to crop production (Baeumer and 
Bakermans, 1973). Several alternative agricultural 
technologies have been developed during the past few years, 
attempting to reduce soil erosion and energy use in 
agriculture by minimizing soil disturbance. No-till or 
reduced tillage systems also have provided a new framework 
against which to compare the effects of tillage on soil 
physical properties and their relationship to plant growth. 
Tillage has been reported to affect the following soil 
physical properties: aggregate size and pore size 
distribution, temperature, thermal conductivity, aeration, 
moisture retention, hydraulic conductivity, bulk density, 
and mechanical impedance (Baeumer and Bakermans, 1973; 
Campbell and Phene, 1977; Canarache, 1979; Cole, 1939; Coote 
and Ramsey, 1983; Ellis et a.l. , 1975; Erickson, 1982; 
Grable, 1958; Hawkins, 1952; Hughes and Baker, 1977; 
Ketcheson et al., 1979; Klute, 1982; Larson, 1953; Lovely, 
1968; Low, 1972; Luttrell, 1953; Pidgeon and Soane, 1977; 
Scott Russell et al., 1975; Smith and Dowdell, 1974; Smith 
et al., 1974; Van Doren, 1958; Wierenga et al., 1982). The 
present discussion will concentrate on aggregate size 
distribution, soil moisture and aeration, the reader being 
referred to the reviews for more comprehensive treatment of 
the subject. 
Studies on the effect of tillage operations on soil 
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physical properties are difficult to summarize and compare. 
First, tillage effects are highly dependent on the type of 
tillage implement used. Second, a variety of sequences of 
tillage operations could and have been used in past studies, 
obscuring any simple cause-effect relationship between a 
particular type of tillage and a parallel modification on 
soil physical properties. Third, the effect of tillage 
operations are also highly dependent on the moisture content 
of the soil at the time tillage is performed. Finally, many 
soil properties are interrelated in such a way that 
affecting one often modifies several others. 
Perhaps the most obvious objective of tillage was to 
modify the size of the aggregates on the surface layers of 
the soil (Kuipers, 1953; Larson, 1953; Russell, 1955). 
Results on the effects of tillage on soil structure are not 
only obscured by all the factors mentioned above, but also 
by the form adopted by the researchers to report soil 
aggregation data. Some studies have described soil 
structural status by using a group of aggregate size-
classes, but the size-fractions selected have varied among 
studies. Some authors have selected only one aggregate 
size-class, presumably having a direct effect on plant 
growth, and reported the effects of tillage on this class. 
Finally, many research studies have reported the aggregation 
status of the soil by the use of soil aggregation indexes. 
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such as Mean Weight Diameter and Geometric Mean Diameter. 
Most of the discrepancies in the presentation of soil 
aggregation data could originate, as stated by Ketcheson et 
al. (1979), in the fact that "the size-distribution of 
aggregates constituting the most favorable tilth is not 
we11-documented". 
As a general rule, primary tillage operations, such as 
moldboard plowing, increase the size of soil aggregates 
creating a soil surface rougher than the one found on 
untilled soils (Baeumer and Bakermans, 1973; Lovely, 1968; 
Luttrell, 1953). This effect of plowing is more pronounced 
if the operation is performed when the soil is very wet or 
very dry (Cole, 1939; Lovely, 1958). Luttrell (1953), 
working on a Webster silty clay loam soil found that plowing 
originated the largest Mean Weight Diameter and the roughest 
surface of several tillage treatments. More recently, Coote 
and Ramsey (1983) discussing the results of over 35 years of 
tillage experiments in Canada, found that tilled soils 
consistently had larger Mean Weight and Geometric Mean 
Diameters than untilled soils. The conservation tillage 
practice of direct-drilling, was found to maintain a similar 
distribution of aggregate size-fractions to that of untilled 
pasture areas (Hughes and Baker, 1977). Cole (1939) and 
Lovely (1968) have reported that plowing the soil when its 
moisture content is in between field capacity and the 
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permanent wilting point usually produces a finely pulverized 
soil surface made up of very small clods. In agreement with 
these results. Low (1972) found a 28% increase in the 
proportion of soil aggregates <1 mm after three months of 
plowing a virgin pasture soil (see also Harris et al., 
1966). 
Secondary tillage operations, such as harrowing and 
sweep cu]tivation, usually break clods into small crumbs, 
increasing the proportions of small soil aggregates (Cole, 
1939; Hughes and Baker, 1977; Ketcheson et al., 1979). 
Comparing the effects of several tillage regimes on soil 
aggregation, Ketcheson et al. (1979) found that disking and 
harrowing following moldboard plowing increased the 
proportion of aggregates <5 mm by 7% when these operations 
were performed in the spring, and by 10% if they were 
performed in the fall. Rotary cultivation has a strong 
pulverizing effect on soil aggregates, creating a very 
smooth seedbed. Hughes and Baker (1977) found that soil 
Mean Weight Diameters were always smaller for rotary 
cultivated than for plowed/disked/harrowed silt loam soil. 
The deterioration of natural soil structure by rotary 
cultivation, reflected on the increased proportions of small 
aggregate fractions, was a function of the time the soil was 
under this tillage regime or of the total number of 
cultivations (Hughes and Baker, 1977). Although primary and 
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secondary tillage may affect soil structure, Njos (1979) has 
indicated that "the annual variation of the aggregate size 
distribution due to climatic influences may exceed the 
variation caused by soil treatments". 
The modifications tillage causes on soil structure, are 
accompanied by changes on other related properties. 
Changing the size of the aggregates on the seedbed usually 
modifies soil porosity, water transmittal from soil to seed, 
and the degree of contact between the seed and the soil 
(Larson, 1953). Tillage operations, such as moldboard 
plowing, which increase the size of soil aggregates, also 
increase total soil porosity and decrease soil bulk density 
(Cole, 1939; Ellis et al., 1975; Lovely, 1958; Pidgeon and 
Soane, 1977; Scott Russell et al., 1975). Coote and Ramsey 
(1983) however, have reported higher bulk densities in 
tilled than untilled soils, explained by the compaction of 
the soil produced by heavy machine traffic while tilling. 
Most studies comparing tilled and untilled soils however, 
indicate increased soil porosities under tillage in 
agreement with the reported decreases in soil bulk density 
in these soils (Baeumer and Bakermans, 1973). This increase 
in total soil porosity is explained entirely by an increase 
in the proportion of large pores. Pore space distribution 
under continuous tillage usually is more heterogeneous, with 
high proportion of macropores among soil aggregates, and 
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micropores in the spaces inside soil peds. Untilled, or 
reduced tillage, soils have higher proportion of micropores, 
with more homogeneous and continuous pore spaces (Baeumer 
and Bakermans, 1973; Coote and Ramsey, 1983). The pattern 
of fissures in these soils appears more at random, 
developing by the action of the microfauna or due to local 
compaction by machinery (Ellis et al., 1975). 
The relative increase in small and medium sized soil 
pores and the accumulation of organic matter on surface 
layers of reduced tillage soils affects the water holding 
capacity of the soil (Baeumer and Bakermans, 1973; Coote and 
Ramsey, 1983). In these soils, water is retained at high 
tensions and a large proportion of the pore space is 
occupied by water to the exclusion of air. Most studies 
report higher moisture contents in the upper 30-60 cm layer 
of reduced tillage soils in sub-humid climates (Baeumer and 
Bakermans, 1973). The more continuous soil pore space in 
no-till soils also improves water conductivity (Baeumer and 
Bakermans, 1973; Coote and Ramsey, 1983). Soils loosened by 
tillage have decreased hydraulic conductivity due to the 
non-uniformity of pore spaces. The evaporation rate of 
surface layers of tilled soils is usually higher than the 
resupply of moisture from deeper areas of the profile and 
the soil dries surface down (Van Doren, 1958). Russell 
(1965) has also mentioned the drying effect of soil plowing: 
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"the plough loosens the soil to the depth of ploughing, and 
exposes a larger volume of soil to the drying action of the 
sun and wind". 
Soil aeration is generally dependent on macroporosity, 
while soil water holding capacity is more a function of the 
micropores. Since tillage may increase the macropore space 
of the soil, differences in the aeration status of tilled 
and untilled soils would be expected (Campbell and Phene, 
1977; Russell, 1956; Scott Russell et al., 1975). Air-
filled porosity however, is not more than one of the 
aeration parameters of the soil: the capacity factor. The 
aeration status of the soil is also affected by an intensity 
factor, the concentration of oxygen in the air-filled pores 
or dissolved in the soil solution, and by a rate factor, the 
soil oxygen diffusion rate (Erickson, 1982). Erickson 
(1982) has suggested that tillage may improve the overall 
aeration status of the soil by breaking soil aggregates into 
smaller units and by increasing the non-capillary pore 
volume. Pidgeon and Soane (1977), although cautiously 
stating that air-filled porosity is not by itself a reliable 
indicator of soil aeration, found a significant reduction of 
air-filled porosity in a soil subjected to zero-tillage for 
seven years, as compared with the conventional tillage soil. 
Combining this fact with their finding of increased soil 
moisture contents under no-till, they predicted "an 
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increased risk early in the growing season of anaerobic 
conditions" in reduced tillage soils during wet periods. 
Ellis et al. (1975) have also reported decreased total and 
air-filled porosity under direct-drilling, as compared with 
plowed soils. Their findings indicate that the decrease in 
air-filled porosicy is greater than the reduction in total 
soil porosity. 
Several reports with opposing results could however, be 
cited. Low (1972) found greater total porosity under 
undisturbed grassland than in 'old' arable soils but, since 
the undisturbed soil retained more moisture than the plowed, 
air-filled porosity was greater under cultivation. More 
recently, Coote and Ramsey (1983) comparing soils that had 
been under contrasting tillage regimes for over 35 years, 
found that both total and air-filled porosity were 
consistently higher in soils under no-till regimes than 
under conventional cultivation. Part,of the discrepancies 
among these studies could be attributed to the differential 
degree of soil compaction, with the consequent reduction in 
total soil porosity, caused by machine traffic on the soil. 
If air-filled porosity is actually decreased under 
reduced tillage regimes, a restriction on the entry of 
oxygen into the soil would be expected, especially under wet 
conditions. Scott Russell et al. (1975) concluded however, 
that "no large decreases in concentration of oxygen in soil 
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appear as yet to have been caused by direct drilling". The 
oxygen concentration in the soil atmosphere is not only 
affected by the tillage regime, but also by season (amount 
of precipitation, évapotranspiration and temperature), soil 
type and crop/s being grown (Erickson, 1982). Most of the 
research studies dealing with the composition of the soil 
atmosphere have been concerned with root respiration, 
measuring the concentration of gases deep into the soil 
profile. Grable (1968) reported values varying from 18% 
down to 10% oxygen in the soil pore space as deep as 60-90 
cm. Reviewing the available literature, Grable (1958) found 
many reports of oxygen percentages in the soil atmosphere 
higher than 21% and concluded that "in most cases, tillage 
had little effect on the composition of soil air, even at 
considerable depth". Smith et al. (1974) found that at 60 
cm depth a direct drilled clay loam soil averaged 8-10% 
oxygen versus 13-14% for a plowed soil. Ellis et al. 
(1976), although reporting lower total porosity in a direct 
drilled than in a plowed soil, could not detect significant 
differences in soil oxygen concentrations between tillage 
regimes. 
The failure to observe differences in soil oxygen 
concentrations, even when differences in total and air-
filled porosity have been found, could be explained by the 
compensating effect of a more continuous soil pore space 
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under direct drilling which could provide better conditions 
for oxygen to penetrate into the soil profile (Ellis et al., 
1975). Oxygen diffusion rates (ODR) have been measured in 
soils attempting to evaluate the third factor affecting soil 
aeration, that of rate (Erickson, 1982). Coote and Ramsey 
(1983) found higher soil ODR under reduced tillage than 
under conventional tillage regimes, consistent with the 
greater total and air-filled porosity they have found under 
direct drilling. Erickson (1982) has suggested that 
repeated tillage may have deleterious effects on soil 
aeration due to the reduction in continuity of pore spaces 
caused by the disruption of natural soil structure. Not all 
authors however, agree with the expectations of improved ODR 
under reduced tillage regimes. The reported increases in 
total and air-filled porosity after tilling certain soil 
types, would suggest that in many cases tillage operations 
could improve the overall aeration status of the soil. Soil 
texture, organic matter content, initial aggregation status, 
and rainfall regime are all factors which could interact 
with tillage to determine the final result. 
Some methodological problems still remain behind the 
study of the soil atmosphere. Samples of soil air may not 
reflect the actual variability in gaseous composition 
between pore spaces in and outside soil aggregates. ODRs in 
unsaturated soils are expected to differ considerably 
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between the air-filled macropores, among soil aggregates, 
and the water-filled micropores, within soil peds (Black, 
1958; Currie, 1961, 1962, 1965, 1966, 1972; Smith, 1977). 
As implied by Currie (1961), soil ODR values as they have 
been used in the past may reflect the aeration status of the 
macro-environment of the soil, but they may not reflect the 
aeration status of plant roots, seeds and micro-organisms 
growing inside or through soil peds. 
The Seed-Soil System 
The concept of seed-soil microsites 
Seeds produced by weed species are shed onto the soil 
surface where they remain or are incorporated into the soil 
profile. Seeds lying on the surface of the soil are 
vulnerable to birds and other soil animals and they are 
exposed to drastic changes in moisture and temperature 
(Roberts, 1970). The heterogeneity of soil surfaces and its 
significance for small seeds was first recognized by Harper 
et al. (1965) when they stated that 
At the size scale of most seeds, the soil surface 
on which they are dispersed is highly 
heterogeneous and this heterogeneity of the soil 
is likely to provide microsites offering widely 
different conditions for germination. 
Moreover, the successful establishment of seedlings from 
surface lying seeds and the population density of the 
species could be a function of the number of 'safe sites' 
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available for germination on the micro-topography of the 
soil (Harper et al., 1951). Since soil micro-topography is 
dynamic, permanently modified by raindrop impact, soil 
fauna, and wetting and drying cycles, seed-soil microsite 
characteristics are also constantly changing (Sheldon, 
1974). That was the basis for Becker's (1978) reasoning 
when he pointed that "to germinate, each species requires a 
particular optimum blend of conditions unique to that 
species. The components of the blend may vary as the season 
progresses altering the number of favorable microsites 
available ...". 
From the time it was enunciated, there has been a 
tendency to equate the concept of seed-soil microsite 
exclusively to soil surface micro-topographic variability 
(Harper and Benton, 1955; Evans and Young, 1972a, b; Harper 
et al., 1955; Oomes and Elberse, 1975; Sheldon, 1974). Weed 
seeds possessing the attribute of dormancy however, may 
remain viable in the soil for many years. Most of these 
seeds will enter the soil profile where they could associate 
with soil particles in varying degrees. Several 
morphological traits of the seeds may facilitate their entry 
into the soil. Such characteristics as small seed size, the 
possession of haired, ridged or sticky coats have been 
mentioned as helping the seed to associate with soil 
particles and to enter the soil (Oomes and Elberse, 1975; 
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Sheldon, 1974). In the absence of tillage, weed seeds could 
penetrate into deeper layers of the profile through natural 
fissures, or they may be forced into the soil by animals or 
raindrop impact (Sheldon, 1974). 
Tillage has been identified as a factor affecting the 
location of weed seeds in the soil profile. Roberts (1953) 
found that undisturbed soil contained 93% of the seeds in 
the 0-23 cm depth layer, with 37% of them 0-7.5 cm deep. 
Plowing to a depth of 20 cm, reduced the proportion of seeds 
in the 0-23 cm layer to 90% and that of seeds in between 0 
and 7.5 cm to 24%. Fay and Olson (1978) recovered wild oat 
(Avena fatua L.) seeds down to a depth of 17.8 cm in 
moldboard plowed soil, but only down to 10.2 cm when the 
soil had been chisel plowed. Eighty-five percent of the 
wild oat seeds recovered from chisel plowed soil were in the 
0-5 cm depth layer versus 43% in the moldboard plowed soil 
(Fay and Olson, 1978). 
Regardless of the location of the seed in relation to 
soil profile depth, its fate will be determined by the 
characteristics of the immediate environment surrounding it. 
This has been demonstrated by the work of Harper and his 
associates for seeds lying on the soil surface (Harper and 
Benton, 1965; Harper et al., 1955; Sheldon, 1974); it has 
been suggested by Currie's (1951, 1952, 1955, 1955, 1972) 
work on the aeration of aggregated soils, for seeds 
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incorporated into the soil profile; and agrees with 
available research results on: a) the effects of soil 
aggregation on seed germination and plant growth (Hammerton, 
1951; Hagin, 1952; Miller and Mazurak, 1958; Njos, 1979; 
Yoder, 1937); b) seed-soil moisture relationships (Collis-
George and Hector, 1955; Collis-George and Sands, 1959, 
1952; Dasberg, 1971; Dasberg and Mendel, 1971; Hadas, 1970; 
Sedgley, 1953; Williams and Shaykewich, 1971); and c) seed-
soil aeration relationships (Currie, 1972; Dasberg et al., 
1955; Hutchins, 1925; Ohmura and Howell, 1950; Smith, 1977). 
Seed-soil micro-environmental interactions 
Several research studies have been conducted on the 
effects of soil structure on plant growth. Miller and 
Mazurak (1958) reported that the growth of sunflowers 
(Helianthus annus L.) was significantly reduced by poor 
aeration in seedbeds made with soil separates <0.05 mm. 
They speculated that the small size of the pores prevailing 
in very fine seedbeds subjected to frequent irrigation could 
limit oxygen diffusion to the roots and affect plant growth. 
Hagin (1952) obtained higher wheat (Triticum aestivum L.) 
biomass productivity when plants were grown in a coarse 
(MWD=1.70) rather than medium (MWD=1.00) or fine (MWD=0.33) 
seedbed. Finely aggregated soil, even having similar total 
porosity than coarsely aggregated ones, had higher ratios 
capillary/non-capillary pores with a consequent reduction on 
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the supply of oxygen to wheat roots (Hagin, 1952). Njos 
(1979) found that the highest rate of emergence of barley 
(Hordeum vulgare L.) plants was in seedbeds made with 2-5 mm 
soil aggregates. Those plants growing in beds made with 
aggregates <0.6 mm showed prolonged yellowing of leaves, 
which the author attributed to poor aeration (Njos, 1979). 
Harper et al. (1955) were able to produce a variety of 
seed-soil microsites on the soil surface modifying its 
micro-topography by making depressions or by the placement 
of various objects. The germination of seeds of several 
species was significantly affected by soil micro-topography. 
A large part of the microsite effect was explained through 
modifications of the seed-soil water relationships. Further 
laboratory experiments, where seeding was performed on 
sintered glass plates holding water at controlled tensions, 
demonstrated the importance of the degree of contact between 
the seed and the water supplying media on seed germination 
(Harper and Benton, 1966). Seed germination was highly 
dependent on water tension, but this dependence was reduced 
by protecting the seed from evaporation and by increasing 
the area of contact between the seed and the medium. 
Crop and newly shed weed seeds make their first contact 
with the water supplying substrate, the soil, on the surface 
or inside large pores with a high degree of exposure to the 
atmosphere (Currie, 1972). These seeds will absorb water 
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from the soil and lose it to the air, according to the water 
potential differences along the water path: 
soil/seed/atmosphere (Gulliver and Heydecker, 1972). 
Germination (or imbibition) will be successful only if the 
rate of water uptake is greater than the rate of evaporation 
which in turn will be affected by the surface area of the 
seed in contact with the soil and atmosphere, by the soil 
water tension and by the atmospheric humidity (Harper and 
Benton, 1955). Evans and Young (1972a, b) found that 
burial, pitting on the soil surface and soil movement 
favored, seed germination and emergence of several plant 
species. Micro-topographic depressions allowed the soil to 
retain moisture for longer periods, originated more 
favorable levels of atmospheric humidity around the seeds 
and improved seed-soil contact. Variability among plant 
species on characteristics such as seed size and shape, and 
seed coat morphology, by modifying the degree of contact of 
the seed with the soil, may determine the response of the 
species to microsite conditions (Sheldon, 1974). Oomes and 
Elberse (1975), working with seeds of several plant species, 
concluded that differences on seed morphology seemed to 
influence more the rate of water uptake than the rate of 
water loss of the seed. Collis-George and Sands (1959) have 
suggested that the water absorption characteristics of the 
seed (suction against which the seed can absorb water) could 
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be the most significant factor affecting germination in the 
field, besides the moisture parameters of the soil, and that 
some species differences could exist on this trait. 
Van Doren (1958) has already stressed the importance of 
soil moisture for crop seed germination: "in the absence of 
rain, germination is usually a race against the downward 
penetration of the evapotranspirational drying front". 
Hunter and Erickson (1952), working with several soil types, 
have determined that the minimum moisture content at which 
corn, rice,,and soybean could germinate was 31%, 27%, and 
50%, respectively. They suggested that soil moisture 
content however, does not indicate the pressure the seed has 
to exert to absorb water from the soil. Collis-George and 
Sands (1959) demonstrated that the soil affected seed 
germination through not only, its total moisture content, 
but also its matric potential and its hydraulic 
conductivity. Working with several Medicaqo species in the 
sintered-glass plate apparatus, they showed the decline in 
germination rates caused by decreased matric potentials down 
to -10 atmospheres, when germination practically ceased 
(Collis-George and Sands, 1959). Sedgley (1953) and Collis-
George and Hector (1955) also worked on the interactions 
between soil matric potential, hydraulic conductivity and 
area of contact of the seed with the medium. Matric 
potential was found to control not only the tension the seed 
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must overcome to absorb water, but also the water 
conductivity of the soil and the wetted area of the seed. 
Sedgley (1953) showed that, at least on an experimental 
laboratory system, higher matric potentials caused a 
retraction in the water menisci in the pores and a 
consequent decrease on the area of contact between the oeed 
and water. Williams and Shaykewich (1971), using media with 
different hydraulic conductivities, proved that water uptake 
by Brassica napus L. seeds was significantly affected not 
only by matric potential, but also by the hydraulic 
properties of the medium. Germination rates were 
significantly lower in an artificial membrane system, with 
low water permeability, than in two soils although all media 
were subjected to the same water tensions. They concluded 
that soil hydraulic conductivity could be a limiting factor 
for seed germination in certain soils (Williams and 
Shaykewich, 1971). 
The importance of soil water conductivity on the 
germination of seeds was stressed by further experiments of 
Dasberg and associates (Dasberg, 1971; Dasberg and Mendel, 
1971). Dasberg and Mendel (1971) seeded Oryzopus 
holciformis (M.B.) Richt. in sand of different particle 
sizes, subjected to various soil moisture potentials. The 
optimum combination of sand particle size and moisture 
potential for germination shifted from -2 millibars for the 
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0.25-0.50 mm particle size, to -10 millibars for the <0.25 
mm sand particle fraction. The authors concluded that only 
differences in the hydraulic conductivity of the media or in 
the degree of contact of the seed with the soil could 
explain this differential response of seeds to the same soil 
water potentials (Dasberg and Mendel, 1971). Hadas (1970) 
has suggested that due to the very low water potential of 
dry seeds, "the amount of water absorbed by the seed and the 
rate of germination depend on the internal potential 
adaptability of tne seed and on the actual moisture 
potential at the seed-soil interface". Dasberg (1971) was 
able to measure the soil water content in the immediate 
vicinity of seeds by the use of the gamma-ray method for 
soil moisture determination. Seeds of O. holciformis could 
only absorb water from a soil space around them with a 
maximum radius of 1.0 cm. At water contents of 12.5%, 
13.4%, and 15.5%, the soil was able to resupply the water 
absorbed by the seed, but at soil water contents below 11.2% 
seed water uptake was impaired (Dasberg, 1971). The 
capacity of the soil to maintain the supply of moisture to 
the imbibing seed, mainly at low soil water contents, could 
be a function of its hydraulic conductivity. 
Dasberg and Mendel (1971), studying the effects of soil 
matric and osmotic potentials on seed germination, found a 
significant decrease in seed germination at high soil matric 
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potentials but not at equivalent soil water osmotic 
potentials. They explained this phenomenon by "the 
thickening of the water films around the seeds, which 
interfered with oxygen diffusion". Dasberg et al. (1955) 
estimated that the amount of oxygen dissolved in water could 
account for only 0.05% of the oxygen requirements of a 
germinating wheat seed during the first 24 hours of 
imbibition. Ohmura and Howell (1950) have already pointed 
to the inhibitory effect of thin water films around plant 
tissues, on their rates of oxygen uptake. The addition of 
0.1 ml of water to a corn scutellum, insufficient to cover 
all the tissue, caused a decrease of 30% in the rate of 
oxygen uptake. Domes and Elberse (1975) have reported that 
covering Achillea seeds with moist soil to prevent 
evaporative water loss from the seed also prevented 
germination due to impaired gas exchange. 
Weed seeds which have been in the soil for extended 
periods of time may become incorporated into the matrix of 
soil aggregates. These seeds may be surrounded by a fine 
fabric of soil particles and presumably would have good 
contact with the medium (Currie, 1962, 1972). Since these 
soil peds have a high degree of internal cementation they 
have a very fine soil pore structure where water could be 
retained at high tensions for much of the year (Currie, 
1951, 1955, 1972). Oxygen availability to a seed inside one 
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of such aggregates could be severely limited not only by the 
low diffusion coefficient of oxygen in water, but also by 
the competition for oxygen from a variety of soil micro­
organisms co-habiting the ped with the seed (Currie, 1965, 
1972). When respiration occurs inside soil crumbs, adequate 
aeration implies that oxygen diffuses radially within the 
crumb, from the crumb surface through the water-filled pores 
to the respiring seed. Currie (1951, 1955) was able to 
determine diffusion coefficients within crumbs with several 
porosities and to predict the degree of anaerobiosis 
attained in the center of peds. Under a set of reasonable 
assumptions regarding soil porosity, diffusion coefficients 
and respiratory demand for oxygen, soil peds as small as 1.0 
cm were estimated to be partly anaerobic as the soil 
approached field capacity (Currie, 1951). The composition 
of the soil atmosphere is expected to vary greatly over 
short distances and anaerobic by-products, such as ethylene 
and nitrous oxide, could accumulate even in soils considered 
to be well-aerated. "The effect of soil structure on gas 
diffusion is the most likely cause of these differences, 
resulting in anaerobic zones distributed irregularly through 
the profile ..." (Smith, 1977). 
Greenwood (1951, 1952) has already evaluated the 
biological significance of these anaerobic or sub-aerobic 
soil pockets to organic matter and nitrogen transformations 
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in the soil. Wiegand and Lemon (1958) and Greenwood (1959) 
also pointed to the importance of the immediate environment 
surrounding plant roots for their adequate aeration. 
Wiegand and Lemon (1958) reported that oxygen concentrations 
at the surface of roots growing in clay soils at field 
capacity were sub-optimal for root respiration. "The 
apparent diffusion path length in the liquid phase about 
plant roots is more often the limiting factor in normal root 
respiration than the gaseous composition, per se, in the 
soil pores" (Wiegand and Lemon, 1958). 
The significance of moisture/aeration relations, on a 
macro-scale, to weed seed germination and dormancy has been 
evaluated by previous research. The importance of adequate 
moisture and aeration for weed seed germination has been 
documented by the works of, among others, Bibbey (1935), 
James (1958), Kollman (1958), Roberts and Feast (1972), 
Sells (1955), and Wiese and Davis (1957). Poorly aerated 
and wet environments have been indicated as promoting seed 
dormancy and prolonging weed seed viability in the soil. 
Bibbey (1935), Brenchley and Warington (1930), Chepil 
(1945a), Hutchins (1925), Karssen (1981b), Roberts (1970), 
Roberts and Feast (1972), Schafer and Chilcote (1970), 
Stoller and Wax (1973, 1974), Taylorson (1970, 1972), and 
others have made significant contributions to the 
understanding of the relationships between depth of seed 
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burial in the soil and its life-span. The decrease in 
oxygen tension, or increase in carbon dioxide concentration, 
the absence of light and the reduced amplitude of 
temperature cycles deeper into the soil profile have all 
been described as prolonging seed viability by maintaining 
seed dormancy. 
Many of the studies which have been concerned with the 
effects of tillage on weed seed germination and dormancy 
have also described the stimulatory effect of certain types 
of light tillage operations on seed germination (Becker, 
1978; Budd et al., 1954; Chepil, 1946b; Roberts, 1953, 1970; 
Roberts and Dawkins, 1957; Roberts and Feast, 1973; Roberts 
and Potter, 1980; Roberts and Ricketts, 1979). Tillage-
dependent stimulation of germination of buried weed seeds 
has been explained by improved aeration at the seed level 
(Bibbey, 1935; Chepil, 1946a, b; Roberts, 1970) or by the 
breaking of seed dormancy brought about by exposing the seed 
to light during mechanical disturbance (Taylorson, 1970, 
1972; Sauer and Struik, 1964). As stated by Dawson and 
Bruns (1975), "the environmental factors that control the 
life and death of seeds in soil below the level favorable 
for germination are very subtle". The ecological 
significance of small-scale variability in the soil 
environment to weed seed germination and dormancy has not 
been fully explored perhaps, as pointed by Harper et al. 
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(1955), due to the technical difficulties in measuring those 
significant parameters in the soil environment. As Currie 
(1972) has advised us: 
those who are concerned with the germination of 
seeds in the soil should be increasingly careful 
to observe, for their colleagues and successors, 
the relevant soil parameters outlined here. 
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SECTION I. DISTRIBUTION OF WEED SEEDS IN RELATION TO SOIL 
STRUCTURAL UNITS 
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INTRODUCTION 
Annual weeds depend on a prolific seed production for 
dissemination and survival (National Academy of Sciences, 
1968). Seeds of many weed species mature with, or could be 
induced to, a state of dormancy which assures an extended 
life span in the soil. Weed seeds shed onto the soil 
surface may remain there or be incorporated into the profile 
by natural or artificial means (Roberts, 1970). The fate of 
viable weed seeds -germination, dormancy, or loss of 
viability- is determined by their internal physiological 
status and by the environmental conditions they encounter 
when in the soil (Schafer and Chilcote, 1970). At the size-
scale of most seeds, the micro-topographic variability of 
the soil surface, by creating a variety of microsites with 
different moisture/aeration conditions, may regulate seed 
germination and seedling establishment (Harper and Benton, 
1965; Harper et al., 1955). 
Seeds are incorporated into the soil profile by tillage 
operations. Roberts (1963) found that undisturbed soil 
contained 37% of all seeds in the profile in the 0-7.5 cm 
depth layer while plowed soil had only 24%. Fay and Olson 
(1978) recovered 85% of all seeds in the profile in the 0-5 
cm depth layer of a chisel plowed soil but only 43% under 
moldboard plowing. Several morphological traits of seeds, 
such as small size, hairy, ridged or sticky coats, may 
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facilitate their entry into the soil (Oomes and Elberse, 
1976; Sheldon, 1974). They may also enter the soil through 
fissures or cracks, by being subjected to some of the 
dynamic factors that.effect soil aggregation, or forced into 
the soil by animals or raindrop impact (Harris et al., 1966; 
Sheldon, 1974). 
Biologically important environmental parameters vary 
within the soil profile. Vertical changes in moisture 
content, aeration status, and temperature are well-
documented (Black, 1968; Grable, 1965; Rosenberg, 1974). 
The fate of weed seeds is modified by their vertical 
location in the soil profile, mainly through changes in the 
environment to which they are exposed (Brenchley and 
Warington, 1930; Roberts, 1970; Schafer and Chilcote, 1970; 
Stoller and Wax, 1973, 1974; Taylorson, 1970, 1972). 
Well-structured soils show another, three-dimensional, 
small-scale, variability in physical properties. These 
soils could be considered as composed of a matrix of 
macropores containing a variety of different sizes of 
aggregates (peds) with high degree of internal cementation 
and microporosity (Currie, 1961, 1962, 1965, 1965, 1972; 
Smith, 1977). Due to their structural dissimilarities, 
matrix and peds have different moisture/aeration 
characteristics with the potential to create microsites 
offering different environmental conditions (Currie, 1961, 
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1972). Tillage, by modifying the distribution of aggregate 
sizes in the soil profile (Cole, 1939; Coote and Ramsey, 
1983; Luttrell, 1953; Lovely, 1968) could also alter the 
number, type and characteristics of potential seed-soil 
microsites. 
The significance of the micro-scale variability within 
the soil profile to weed seed germination, dormancy and 
viability has not been documented. Weed seeds remaining in 
the soil for several years may associate with soil particles 
becoming incorporated into peds through natural or 
artificial means. Weed seed-soil associations may have a 
still unrecognized role on the regulation of seed 
germination and in re-imposing or maintaining seed dormancy 
in the field. It has already been stated (National Academy 
of Sciences, 1958; Staniforth, 1951) that most of the 
present weed management methods, and future developments in 
this area, are dependent on our understanding of the 
conditions under which dormancy is terminated and re-imposed 
on weed seeds in the soil. 
The objectives of the present research were first, to 
identify the location of weed seeds in relation to soil 
structural units, as a first step towards the 
characterization of seed-soil microsites on their potential 
effects on weed seed germination. And second, to study the 
long-term effects of primary tillage operations on the 
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distribution of weed seeds in relation to soil structural 
units by comparing two contrasting tillage regimes. 
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MATERIALS AND METHODS 
Soil samples were taken with the objectives of studying 
the location of weed seeds in relation to soil structural 
units as affected by two contrasting tillage regimes. 
Additionally, the effects of primary tillage operations on 
the size distribution of soil aggregates were investigated. 
The field sampled was located at the Iowa State 
University, Agronomy and Agricultural Engineering Research 
Center, Boone County, Iowa, on a Webster silty clay loam 
soil with 5% organic matter. This field had been under a 
corn (Zea mays L.)/soybean (Glycine max (L.) Merr.) rotation 
and subjected to various tillage regimes since 1970. 
Tillage treatments had been applied on the main plots (19.2 
by 27.0 m) and herbicide treatments on the sub-plots (4,8 by 
27.0 m) of a split plot design with four replications. 
Treatments selected for sampling were (1) a 
conventional tillage system, consisting of fall moldboard 
plowing to a depth of 20 cm followed by spring disking and 
harrowing; and (2) a reduced tillage regime, consisting of 
slot-planting on the row of the previous year crop without 
any pre-planting soil disturbance. Both tillage treatments 
received an average of two post-planting sweep cultivations 
per growing season. Samples were taken from the weedy 
control sub-plots of each tillage regime. 
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Four square areas sub-divided into three soil profile 
depths, 0-5, 5-10 and 10-20 cm (hereafter referred as Dl, 
D2, and D3, respectively) were sampled per plot using a 17.5 
cm-wide spade. Samples were pooled by plot and depth for 
each of the four blocks sampled. All sampling sites were 
located on or by the crop row to avoid soil affected by the 
sweep cultivations. Samples were taken in the spring (May 
25, after spring disking) and fall (November 15, before fall 
plowing) of 1982. Soil samples were carefully handled 
during bagging, transportation and storage to minimize 
destruction of natural aggregates. Partial breakage of 
clods due to mechanical action of the spade was observed, 
however, during extraction of the sample from the profile. 
Samples were immediately air-dried under greenhouse 
conditions down to an average soil moisture content of 5% 
(weight by weight). Average weight of air-dried soil 
samples was 5.1, 7.2, and 9.8 kg for Dl, D2, and D3, 
respectively. All samples were stored at 5° C until further 
processing. 
Soil aggregates present in the samples were classified 
into seven size-classes by a process of dry rotary-sieving. 
The rotary-sieve, shown in Figure 2, was available at the 
Department of Agricultural Engineering, I.S.U., and it is 
fully described by Luttrell (1963). It consisted of a 
series of concentric screens with varying sieve size 
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openings rotating at 7.5 rpm by the action of an electric 
motor. Aggregates were classified by the sieves and 
deposited into separate boxes according to their diameters. 
Since aggregates larger than 7.5 cm in diameter were not 
accepted by the rotary-sieve, they were previously separated 
by hand. The range of diameters, in cm, for each one of the 
aggregate classes, with their respective letter codes, were: 
A, aggregates >7.5; B, 7.5> aggregates >5.0; C, 5.0> 
aggregates >2.5; D, 2.5> aggregates >1.25; E, 1.25> 
aggregates >0.53; F, 0.53> aggregates >0.31; and G, axso 
referred to as the non-aggregated fraction of the soil, 
aggregates <0.31 cm (Figure 3). An average of 4% soil loss 
occurred during the process of sieving, as determined from 
total sample weights before and after processing. 
Soil samples, each subdivided into seven sub-samples, 
had their weights recorded and the number of aggregates 
counted for classes A through D. The large number of 
aggregates in classes E and F, was estimated by determining 
the volume of the sub-sample. Ten samples of 50 ml of soil 
aggregates of each class were measured in a 500 ml graduated 
cylinder, the number of aggregates counted and an average 
number of aggregates per 50 ml calculated for classes E and 
F. Sub-samples were then poured into graduated cylinders, 
their volumes determined, and the number of aggregates 
estimated using the average number of aggregates per unit 
50 
FIGURE 2. Dry rotary-sieve used to separate soil aggregate 
size-classes (see Luttrell, 1963) 
volume as determined. No aggregates were counted in class 
G, which consisted of non-aggregated soil particles and very 
small soil crumbs. Soil samples were stored at 5° C until 
further processing. 
Class sub-samples were deflocculated using a solution 
of 10 g sodium hexametaphosphate (Calgon) and 5 g sodium 
bicarbonate per 200 ml of distilled water for each 100 g of 
soil (modified after Malone, 1957). Soil placed inside 
large beakers was covered with the deflocculating solution 
and mechanically agitated during 15 minutes. Samples were 
then washed through a set of two, 10 and 20 mesh, sieves to 
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FIGURE 3. Seven soil aggregate size-classes, B, A, C (top), 
D, E (center), and G, F (bottom), separated by 
dry rotary-sieving 
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retain weed seeds. According to sieve opening only large 
weed seeds (>0.9 mm), such as those of yellow (Setaria 
lutescens (Weigel) Hubb.), giant (S. faberi Herrm.), and 
green (S. viridis (L.) Beauv.) foxtail, velvetleaf (AbutiIon 
theoprasti Medic.), Pennsylvania smartweed (Polygonum 
pensylvanicum L.), and barnyardgrass (Echinochloa crusgalli 
(L.) Beauv.) were recovered. Small seeded species, such as 
pigweeds (Amaranthus spp.), and lambsquarters (Chenopodium 
album L.) were not retained by the screens employed. Weed 
seeds, large soil particles, and plant residue retained by 
the sieves were dried at 35° C in a forced-ventilation oven 
for one hour. Weed seeds were isolated by hand under a 
dissecting scope. Only seeds appearing physically intact 
and resistant to slight pressure with forceps were isolated. 
Recently germinated seedlings, as long as they retained 
identifiable seed coats, were also isolated and counted as 
germinated seeds. The number of germinated and non-
germinated seeds was recorded by weed species for each soil 
sub-sample. 
Most statistical analyses were performed assuming a 
split-split plot design model, where tillage treatments were 
applied on the main plots, soil profile depth layers 
constituted the sub-plots, and soil aggregate size-classes 
the sub-sub-plots. Variables for which aggregate size-class 
was not a factor were analyzed assuming a simple split plot 
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design, with tillage treatments as the main plots and soil 
profile depths as the sub-plots. Statistical significance 
is reported at the one and five percent levels but p values 
are also given when discussing results. 
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RESULTS 
Long-term tillage effects on soil aggregation were 
determined by studying the distribution of soil, on a weight 
basis, by aggregate size-class and by the use of standard 
indexes of soil aggregation. Aggregation indexes were not 
significantly different between tillage regimes. In the 
surface layer of the soil, conventional tillage tended to 
accumulate more soil in the non-aggregated fraction while 
reduced tillage distributed soil more uniformly among all 
aggregate size-classes. 
The location of weed seeds in relation to soil 
aggregates, and the long-term effects of tillage on it, were 
studied by comparing the number of weed seeds per unit 
weight of soil and per soil aggregate by aggregate size-
class. Weed seeds were recovered from all seven soil 
aggregate size-fractions obtained by dry rotary-sieving. 
Primary tillage operations tended to incorporate weed seeds 
uniformly into the soil profile and within the various size-
classes of aggregates. Several years of reduced tillage 
resulted in a greater accumulation of weed seeds in the 
surface layers of the soil profile and in the non-aggregated 
fraction of the soil. 
55 
Soil Aggregate Size Distribution 
Two soil aggregation indexes have been used to describe 
the aggregation status of the soil based on the distribution 
of aggregate diameters: Mean Weight Diameter (MWD) and 
Geometric Mean Diameter (GMD) (Kemper and Chepil, 1955). 
MWD was first proposed and defined by Van Bavel (1949), as 
follows: 
MWD = Sum (Xi.Wi) 
where Xi is the value for the mean diameter of each size 
fraction, and Wi, the proportion of the total sample weight 
occurring in each size-fraction. GMD was first proposed by 
Mazurak in 1950 (cited by Kemper and Chepil, 1965) and 
developed by Gardner (1955) who defined it as: 
GMD = Exp (Sum (Wi.log Xi)} 
where Xi and Wi are as defined above. Both parameters are 
based on the weight of the aggregate classes obtained after 
sieving a soil sample. The use of MWD is usually associated 
with distributions of aggregate diameters following a normal 
curve, while GMD is reported to better describe the 
distribution of aggregate diameters following a lognormal 
pattern (Gardner, 1955). 
The pattern of distribution of aggregate diameters was 
studied at both sampling dates in order to select the 
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parameter that could better describe the aggregation status 
of the soil as affected by tillage treatments. The 
frequency distribution of aggregate diameters in both 
samples (Figure 4) appeared closer to a lognormal than to a 
normal distribution. According to Gardner (1956), GMD and 
the logarithm of the standard deviation of the distribution 
are the two parameters that fully and precisely describe the 
aggregation status of the soil when the distribution of 
aggregate diameters approaches lognormality. GMD was 
therefore selected to report and discuss soil aggregation 
results in the spring and fall samples (MWD values for both 
sampling dates are given in Table 20 in the Appendix). 
A highly significant interaction (p<0.01) of tillage by 
depth on GMD was detected in the spring sample (Table 1, 
Figure 5 and Table 21 in the Appendix). Soil Geometric Mean 
Diameter increased with profile depth under conventional 
tillage but decreased under reduced tillage. In the fall 
sample, GMD increased from D1 to D2 and decreased from D2 to 
D3 under both tillage regimes. No significant tillage or 
depth effects nor interactions were detected at this 
sampling date, although the effect of depth just failed to 
be significant (p=0.08) (Table 22 in the Appendix). The 
average aggregate size as measured by GMD values, increased 
under both tillage regimes from spring to fall. 
Conventional tillage soil however, had higher GMD values 
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FIGURE 4. Frequency distribution of soil aggregate 
diameters, average of two tillage regimes and 
three soil depths, sampled in the spring (top) 
and in the fall (bottom) 
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than the reduced tillage soil at both sampling dates, except 
for D1 in the spring. 
TABLE 1. Soil Geometric Mean Diameters (in cm) under 
reduced and conventional tillage as a function of 
soil depth at two sampling dates 
Spring Fall 
Tillage 
Soil Depth Layer Soil Depth Layer 
Treatment D1 D2 D3 Mean D1 D2 D3 Mean 
Convent. 0.84 1.03 1.12 1. 00 1.03 1.56 1.25 1.27 
Reduced 1.09 0.93 0.77 0. 93 1.00 1.40 1.20 1.20 
Mean 0.97 0.98 0.95 1.02 1.48 1.21 -
LSD 5% 
LSD 1% 
0. 
0. 
22 
31 
0.59 
0.82 
Aggregation indexes have the advantage of allowing 
comparisons of treatment effects on soil aggregation using 
only one figure. They do not however describe the complete 
distribution of aggregates by size-classes. To overcome 
this limitation, the proportion of soil weight per aggregate 
size-class in relation to the total sample weight was also 
studied as affected by tillage regime. Proportional class 
weight (PWT) was defined as follows : 
PWT = (class weight/total sample weight) x 100. 
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and reduced tillage as a function of soil depth 
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Se(fall)=0.08} 
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Class-PWT values for spring and fall samples are shown in 
Figures 6 and 7 for the reduced and conventional tillage 
soil. As expected, aggregate size-class highly 
significantly (p<0.01) affected the proportion of soil found 
in each aggregate fraction at both sampling dates (ANOVAS in 
Tables 23 and 24 in the Appendix). Tillage and soil profile 
depth significantly (p=0.02 and p=0.03, respectively) 
affected the proportion of soil per aggregate size-class 
only in the spring. A trend is shown for conventional 
tillage to accumulate more soil into the non-aggregated 
fraction at D1 as compared with reduced tillage, which 
accumulated more soil into medium and large aggregate 
fractions. The proportions of medium and small aggregates 
increased with soil profile depth under both tillage 
regimes. The proportion of non-aggregated soil increased 
with soil depth under reduced tillage, but decreased under 
conventional tillage. The interaction of tillage treatment 
by soil depth on PWT was not significant, but had a p value 
of 0.13 in the spring. No significant tillage or depth 
effects nor interactions were detected in the fall sample. 
PWT distributions in the fall were remarkably similar under 
both tillage regimes at all soil profile depths. 
FIGURE 5. Class-PWT means under conventional (top) and 
reduced (bottom) tillage as a function of soil 
depth in the spring {Se=0.27} 
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FIGURE 7. Class-PWT means under conventional (top) and 
reduced (bottom) tillage as a function of soil 
depth in the fall {Se=0.42| 
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Weed Seeds in the Soil 
The weed seed population in the soil was studied as the 
concentration of seeds per 100 g of soil and as the number 
of weed seeds per soil aggregate unit. These indexes 
allowed for comparisons of seed populations regardless of 
total sample weight. The dependent variables studied were 
the concentration of total weed seeds (CTS) and its 
components by species: foxtails (CFS), consisting of yellow, 
giant, and a minor proportion of green foxtail; velvetleaf 
(CVS); Pennsylvania smartweed (CPS); and barnyardgrass 
(CBS); and the total number of weed seeds per soil aggregate 
(TSA) with the contributions of each species: FSA 
(foxtails), VSA (velvetleaf), PSA (Pennsylvania smartweed), 
and BSA (barnyardgrass). Additionally, the proportion of 
seeds found germinated at sampling time in relation to the 
total number of seeds recovered from the sample was analyzed 
for all weed species pooled together (PGTS) and for the 
foxtail species (PGFS). 
Concentration of weed seeds in the soil profile 
In the spring, soil under reduced tillage had an 
average concentration of total seeds (CTS) of 23.6 seeds/100 
g of soil, six times greater than that under conventional 
tillage, 4.2 seeds/100 g of soil (Table 2). Although large, 
this difference was not statistically significant (p=0.17. 
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Table 25 in the Appendix). Seventy-seven percent of the 
seeds present in the reduced tillage soil and 80% of those 
in the conventional tillage soil in the spring sample were 
foxtail species (Table 2). 
In the fall, reduced tillage also had larger CTS than 
conventional tillage soil but the difference was reduced to 
a 2:1 ratio (Table 3 and Table 26 in the Appendix). Eighty-
four percent of the total seed population under reduced 
tillage and 88% of that under conventional tillage was 
composed of seeds of roxtail species (Table 3). 
In the spring, the significant (p=0.04) tillage by 
depth interaction on CTS (Figure 8) results from a large 
accumulation of weed seeds in the upper 5 cm of the soil 
profile under the reduced tillage regime (74% of all seeds 
in the soil profile) versus a more uniform distribution of 
seeds in the soil profile under conventional tillage (64% of 
all seeds in the profile were in the 10-20 cm depth layer). 
Between 66% and 85% of the tillage by deoth interaction 
on CTS is explained by the very similar pattern shown by 
foxtail seeds (Table 2). The interaction of tillage by 
depth on CFS however, was not significant (Table 27 in the 
Appendix). Of the other species recovered, only the 
concentration of velvetleaf seeds in the soil showed a 
highly significant (p<0.01) depth effect and tillage by 
depth interaction (Tables 29, 31, and 33 in the Appendix). 
TABLE 2. Total, foxtail (F), velvetleaf (V), Pennsylvania 
smartweed (P), and barnyardgrass (B) seeds per 100 
g of soil at three soil depths under two tillage 
regimes in the spring 
Number of Weed Seeds/100 g 
Soil Depth Layer 
Tillage 
D1 D2 
Treat. F V P B Total F V P B Total 
Convent. 2.1 0.0 0.5 0.9 3.6 2.8 0.0 0.5 0.1 3.4 
Reduced 47.1 0.4 8.1 4.3 59.9 5.1 0.2 1.8 0.2 7.3 
Mean 24. 6 0.2 4.4 2.6 31.8 4.0 0.1 1.2 0.2 5.5 
LSD 5% 32.7 0.1 8.8 4.4 35.2 
LSD 1% 45.8 0 . 2  1 2 . 4  6.2 4 9 . 2  
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of Soil 
D3 Mean 
•~F V P B Total 
4T7 0.0 1.0 0.0 STV 4.2 
2.3 0.1 1.0 0.2 3.6 23.6 
3.5 0.1 1.0 0.1 4.7 
TABLE 3. Total, foxtail (F), velvetleaf (V), Pennsylvania 
smartweed (P), and barnyardgrass (B) seeds per 100 
g of soil at three soil depths under two tillage 
regimes in the fall 
Number of Weed Seeds/100 g 
Soil Depth Layer 
Tillage 
D1 D2 
Treat. F V P B Total F V P B Total 
Convent. 2.8 0.2 0.1 0.0 3.1 1.5 0.1 0.1 0.0 1.7 
Reduced 5.5 0.0 0.6 0.4 6.5 2.0 0.0 0.3 0.1 2.4 
Mean 4.2 0.1 0.4 0.2 4.8 1.8 0.1 0.2 0.1 2.1 
LSD 5% 3.2 0.2 0.4 0.2 3.6 
LSD 1% 4.5 0.2 0.6 0.3 5.0 
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of Soil 
D3 Mean 
"F V P B Total 
0.7 0.0 0.1 0.0 578 1.9 
1.3 0.0 0.1 0.1 1.5 3.5 
1.0 0.0 0.1 0.1 1.2 
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FIGURE 8. Percentage distribution of the weed seed 
population in the soil as a function of soil 
depth and tillage regime in the spring 
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Although few velvetleaf seeds were found in the soil, CVS 
tended to remain constant with depth in conventional tillage 
soil, but decreased from D1 to D3 (4.1 and 0.5 seeds/1.0 kg 
of soil, respectively) under reduced tillage (Table 2). 
In the fall, the distribution of weed seeds in the soil 
profile was very similar under both tillage regimes (Figure 
9). The only significant effect on CTS and CFS was that of 
depth, the number of weed seeds decreasing sharoly with soil 
profile depth, with approximately 55-50% of the total seed 
population located in the 0-5 cm layer. As in the spring 
sample, foxtail seeds largely explained the trends found on 
CTS (Tables 25, 28, 30, 32, and 34 in the Appendix). 
In the spring, a higher proportion of weed seeds was 
found germinated under reduced than under conventional 
tillage (Table 4). This difference, however, was only 
significant at 10% (p=0.09) (Table 35 in the Appendix). 
Germinated seeds closely followed the distribution of the 
total number of seeds in the profile under each tillage 
regime, but more germinated seeds were found at D2 than at 
D1 (Table 4). 
The proportion of germinated foxtail seeds (PGFS) 
showed a similar trend to that of PGTS (Table 4), but it 
followed the order D1 > D2 > D3, with a significant (p=0.04) 
depth effect. Although the interaction of tillage by depth 
was not significant (p=0.94), PGFS decreased with soil depth 
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FIGURE 9. Percentage distribution of the weed seed 
population in the soil as a function of soil 
depth and tillage regime in the fall 
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TABLE 4. Proportion of germinated foxtail (F) and total (T) 
seeds, at three soil depths, recovered from 
samples of reduced and conventional tillage soil 
in the spring 
Proportion of Germinated/Total Seeds 
Soil Depth Layer 
Tillage 
D1 D2 D3 Mean 
Treatments F T F T F T F T 
Convent. 21.6 2.3 12.9 3.4 7.5 0.7 14.0 2.1 
Reduced 26.6 4.8 20.8 6.9 18.9 0.8 22.1 4.1 
Mean 24.1 3.6 16.9 5.2 13.2 0.8 - -
under conventional tillage but remained high, even at D3, 
under reduced tillage. The proportion of germinated foxtail 
seeds under reduced tillage (22%) was significantly (p=0.03) 
higher than under conventional tillage (14%) (Table 37 in 
the Appendix). 
In the fall, conventional tillage soil had higher 
proportion of germinated seeds than reduced tillage soil 
(p=0.06. Table 5). PGTS decreased from D1 to D3 under both 
tillage regimes (Table 36 in the Appendix). Again, PGFS 
closely accompanied the distribution of PGTS, but with 
higher values than the latter (Table 38 in the Appendix). 
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TABLE 5. Proportion of germinated foxtail (F) and total (T) 
seeds, at three soil depths, recovered from 
samples of reduced and conventional tillage soil 
in the fall 
Proportion of Germinated/Total Seeds 
Soil Depth Layer 
Tillage 
D1 D2 D3 Mean 
Treatments F T F T F T F T 
Convent. 35.5 4.9 21.2 2.4 8.6 0.5 21.8 2.6 
Reduced 40.4 3.3 14.7 0.9 5.5 0.4 20.2 1.5 
Mean 38.0 4.1 18.0 1.7 7.1 0.5 -
Distribution of weed seeds among soil aggregate size-
fractions 
Although the presence and quantitv of weed seeds were 
related to the size of the aggregate, weed seeds were 
recovered from all soil fractions. 
The concentration of total weed seeds in the spring 
soil sample was significantly affected by soil aggregate 
size-class (p=0.01). The interaction of tillage treatment 
by class (p=0.03), and the triple interaction of tillage by 
depth by aggregate size-class (p=0.02) were also significant 
(Table 25 in the Appendix). In the surface layers of the 
soil profile, reduced tillage concentrated more weed seeds 
into the non-aggregated fraction of the soil (class G), 
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while conventional tillage distributed seeds uniformly among 
several aggregate size-classes (mainly B, D, and G) (Figure 
10). The concentration of weed seeds in class A increased 
with depth under conventional tillage but decreased under 
reduced tillage, accompanying the depth-profile of weed 
seeds under each tillage regime. Although the concentration 
of seeds in class G increased with depth under conventional 
tillage, the proportion of seeds in this class/total seeds 
in the sample, remained constant (16% in D1 and 18% in D3). 
Under reduced tillage however, the concentration of seeds in 
class G decreased with soil profile depth, but the 
proportion in this class increased from D1 (28%) to D3 
(37%). Conversely, the proportion of seeds in class A 
decreased from D1 to D3 under reduced- tillage, but increased 
under conventional tillage. In the spring sample, tillage 
tended to accumulate more seeds into large soil aggregates, 
an effect which was relatively more pronounced with 
increased soil profile depth. 
Of all species identified in the spring sample, only 
foxtail seeds showed any significant effects related to soil 
aggregate size-class (Tables 27, 29, 31, and 33 in the 
Appendix). The number of foxtail seeds/100 g of soil was 
highly significantly (p<0.01) affected by aggregate size-
class and all interactions were also significant (0.01< p 
<0.05) (Table 27 in the Appendix). CFS showed a similar 
FIGURE 10. Number of weed seeds per 100 g of soil in the 
various soil aggregate size-classes, as a 
function of soil depth, under conventional (top) 
and reduced (bottom) tillage in the spring 
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pattern of distribution by aggregate size-class to that 
indicated for CTS, and largely explained the results found 
for the total number of weed seeds (Figure 11). 
In the fall, CTS was highly significantly affected only 
by aggregate size-class, but no other class interaction was 
found to be significant (Table 25 in the Appendix). Weed 
seeds appeared distributed among all aggregate size-
fractions, with a slight trend for reduced tillage to 
concentrate more seeds into the non-aggregated fraction of 
the soil while conventional tillage increased CTS in classes 
A and G (Figure 12). The concentration of seeds decreased 
with soil profile depth in most classes. 
In the fall, soil aggregate size-class significantly 
(p<0.01) affected only the concentration of foxtail and 
velvetleaf seeds (Tables 28, 30, 32, and 34 in the 
Appendix). As in the spring, the distribution of foxtail 
seeds among soil aggregates was responsible for most of the 
variability found on CTS by aggregate size-fraction (Figure 
13). 
The number of weed seeds per soil aggregate, total 
(TSA) and by weed species, was studied for aggregate size-
classes A through F. As shown in Table 6, classes A and B 
contained relatively high numbers of weed seeds while, on 
the average, only one in every five aggregates in class D, 
and one in every ten aggregates in class E contained any 
FIGURE 11. Number of foxtail seeds per 100 g of soil in the 
various aggregate size-classes, as a function of 
soil depth, under conventional (top) and reduced 
(bottom) tillage in the spring {Se=1.12 1 
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FIGURE 12. Number of weed seeds per 100 g of soil in the 
various soil aggregate size-classes, as a 
function of soil depth, under conventional (top) 
and reduced (bottom) tillage in the fall 
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FIGURE 13. Number of foxtail seeds per 100 g of soil in the 
various aggregate size-classes, as a function of 
soil depth, under conventional (top) and reduced 
(bottom) tillage in the fall {Se=0.17} 
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weed seeds. Non-significant tillage by class interactions 
(Tables 39 and 40 in Appendix) indicated that the same trend 
was found for both tillage regimes at both sampling dates 
(Table 6). 
TABLE 6. Total number of weed seeds per soil aggregate, 
average of three soil depths and two sampling 
dates, under two tillage regimes 
Number of Weed Seeds/Soil Aggregate 
Tillage 
Soil Aggregate Size--Class 
Treatment A B C D E F 
Conventional 13 . 7 4.3 0.5 0.1 0.0 0.0 
Reduced 22. 1 10.3 2.0 0.3 0.1 0.0 
Mean 17. 9 7.3 1.3 0.2 0.1 0.0 
In the spring, TSA was highly significantly affected by 
aggregate size-class, but a highly significant (p<0.01) 
interaction of tillage by depth by aggregate class was also 
found (Table 39 in the Appendix). This interaction is 
illustrated in Figure 14 for classes A and B. With 
increasing soil profile depth, TSA in both classes increased 
under conventional tillage but decreased under reduced 
tillage, in agreement with the trends reported for CTS as 
affected by tillage treatment and soil profile depth. 
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FIGURE 14. Total number of weed seeds per soil aggregate in 
classes A and B as a function of soil depth, 
under conventional (top) and reduced (bottom) 
tillage in the spring {Se=1.30j 
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The general trends indicated for TSA are also followed 
by foxtail seeds (FSA), which showed a highly significant 
(p<0.01) aggregate size-class effect and significant 
(p=0.03) interaction of tillage treatment by soil profile 
depth by aggregate size-class (Figure 15, and Table 41 in 
the Appendix). Of the other species studied, • only 
Pennsylvania smartweed showed a highly significant (p<0.01) 
class effect, depth by class and tillage by depth by class 
interactions (Table 7, and Tables 43, 45, and 47 in the 
Appendix). 
The number of weed seeds per soil aggregate in the fall 
showed a highly significant effect of aggregate size-class 
(p<0.01) (Table 40 in the Appendix). Table 8 shows the 
variability in TSA among classes and illustrates the highly 
significant interaction (p<0.01) of depth by class found in 
the fall sample. TSA decreased sharply with soil depth for 
aggregate classes A through D, while classes E and F 
remained with very small numbers of seeds per aggregate. 
The triple interaction of tillage regime by soil depth by 
aggregate-class was not significant at this sampling date, 
indicating that the same trends were present in both tillage 
regimes (Figure 16 and Table 40 in the Appendix). As in the 
spring, FSA explained most of the trends shown by TSA 
(Figure 17 and Table 42 in the Appendix). VSA in class A 
increased with depth under conventional tillage but 
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FIGURE 15. Number of foxtail seeds per soil aggregate in 
classes A and B as a function of soil depth, 
under conventional (top) and reduced (bottom) 
tillage in the spring {Se=1.20} 
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TABLE 7. Number of velvetleaf (V), Pennsylvania smartweed 
(P), and barnyardgrass (B) seeds per aggregate in 
classes A and B as a function of soil depth, under 
two tillage regimes, in the spring 
Number of Weed Seeds/Soil Aggregate 
Soil Depth Layer 
Soil 
Aggr. D] D2 D3 
Tillage Size-
Treatment Class VSA PSA BSA VSA PSA BSA VSA PSA BSA 
Convent. A 0 . 0  0.6 0.0 0. ,0 0.0 0.0 0, .2 4.1 0.4 
B 0.0 1.5 0.2 0, ,0 0.1 0.0 0. ,0 0.8 0.0 
Reduced A 0.5 7.2 5.5 0. ,0 0.3 0.0 0, ,0 1.3 0.0 
B 0.0 1.5 0.3 0. .1 3.3 0.0 0, ,0 0.2 0.0 
LSD 5% 0.3 4.5 2.9 
LSD 1% 0.3 5.2 3.8 
decreased under reduced tillage, explaining the significant 
(p=0.02) tillage by depth by class interaction (Table 9 and 
Table 44 in the Appendix). PSA showed only a highly 
significant (p<0.01) class effect and BSA had a significant 
(p=0.01) tillage by class interaction (Table 9 and Tables 45 
and 48 in the Appendix). 
The proportion of germinated seeds was also studied as 
affected by soil aggregate size-class. In the spring, a 
highly significant (p<0.01) difference was found among the 
proportions of total germinated seeds (PGTS) in the various 
aggregate fractions, with class B having higher values than 
any other class (Table 10). Neither tillage treatment nor 
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TABLE 8. Total number of weed seeds per soil aggregate, 
average of two tillage regimes, as a function of 
soil depth in the fall 
Number of Weed Seeds/Soil Aggregate 
Soil Soil Aggregate Size-Class 
Depth 
Layer A B C D E F 
D1 22. 0 5. ,5 0.9 0.1 0.0 0. 0 
D2 5. 6 1. 8 0.4 0.1 o
 
o
 
0. 0 
D3 1. 8 1. 5 0. 1 0.0 0.0 0. ,0 
LSD 5% = 4.4 
LSD 1% = 5.8 
TABLE 9. Number of velvetleaf (V), Pennsylvania smartweed 
(P), and barnyardgrass (B) seeds per aggregate in 
classes A and B as a function of soil depth, under 
two tillage regimes, in the fall 
Number of Weed Seeds/Soil Aggregate 
Soil Depth Layer 
Soil 
Tillage 
Aggr. 
Size-
D1 D2 D3 
Treatment Class VSA PSA BSA VSA PSA BSA VSA PSA BSA 
Convent. A 
B 
0.0 
0.2 
1.0 
0.0 
o
 o
 
d
 d
 
0.2 
0.0 
0.0 
0.2 
o
 o
 
o
 o
 
0.5 
0.0 
0.3 
0.4 
o
 o
 
o
 o
 
Reduced A 
B 
0.3 
0.0 
1.0 
1.1 
1.0 
0.3 
0.0 
0.0 
0.8 
0.7 
0.3 
0.0 
0.0 
0.0 
0.3 
0.1 
0.0 
0.0 
LSD 5% 
LSD 1% 
0.1 0.4 0.2 
0.2 0.5 0.3 
92 
SOJL DEPTH LATEm 
3. 25 0. 92 
4. SB 1.72 
3.17 20.00 
SOIL AGGREGATE SIZE-CLASS 
SOIL DEPTH LflTEB 
2. IS 0. 7B 
t.8B 6. SB 
7.00 23.00 
SOIL RGGREGOTE SIZE-CLASS 
FIGURE 15. Total number of weed seeds per soil aggregate in 
classes A and B as a function of soil depth, 
under conventional (top) and reduced (bottom) 
tillage in the fall {Se=0.30} 
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FIGURE 17. Number of foxtail seeds per soil aggregate in 
classes A and B as a function of soil depth, 
under conventional (top) and reduced (bottom) 
tillage in the fall [Se=0.27} 
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soil profile depth significantly affected PGTS among 
aggregate size-classes (Table 35 in the Appendix). The 
proportion of germinated foxtail seeds was not significantly 
(p=0.07) affected by aggregate size-class (Table 10 and 
Table 37 in the Appendix). No significant aggregate class 
interactions were detected for either PGTS or PGFS in the 
spring (Tables 35 and 37 in the Appendix). 
TABLE 10. Proportion of germinated seeds for all weed 
(PGTS) and foxtail (PGFS) species by soil 
aggregate size-class, average of two tillage 
regimes and three soil depths in the spring 
Proportion of Germinated/Total Seeds 
Soil Aggregate Size-Class LSD 
Variable Â B C D Ë F G~ ~5% ï%" 
PGTS 3.4 17.3 2.0 1.3 1.9 1.8 0.8 12.7 15.8 
PGFS 14.0 21.6 24.1 15.1 18.8 19.9 12.6 21.9 29.0 
The proportion of total germinated seeds in the fall 
showed highly significant class effect and class 
interactions (Table 36 in the Appendix). The triple 
interaction of aggregate class by tillage by soil depth is 
illustrated in Figure 18. In the surface layer of the soil, 
most of the germinated seeds were recovered from classes A 
and B in the conventional tillage, but from a variety of 
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aggregate fractions in the reduced tillage soil. Deeper 
into the soil profile germinated seeds were recovered from 
class B of the reduced tillage and from class A of the 
conventional tillage soil. The proportion of germinated 
foxtail seeds in the fall sample was not significantly 
affected by aggregate size-class (Table 38 in the Appendix). 
FIGURE 18. Proportion of total germinated seeds under 
conventional (C) and reduced (R) tillage in D1 
(top), D2 (center), and D3 (bottom) soil depth 
layers in the fall [Se=0.19} 
TILLAGE 
3.87 4.22 0. 60 S. 06 2.91 S. 67 1 .68  
25.63 13.35 1.71 2.29 2.35 1.50 4.32 
SOIL AGGREGATE SIZE-CLASS 
TILLAGE 
1.08 0.39 0. 53 0. 34 0.70 1. 22 
C 
5.98 1.82 1. 51 1.51 1.75 3.35 0.67 
SOIL AGGREGATE SIZE-CLASS 
TILLAGE 
0.29 0.35 0.31 0.28 0. 06 1. 44 
a 
0.43 0. 66 0. 46 0.96 1. 66 
SOIL AGGREGATE SIZE-CLASS 
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DISCUSSION 
Annual weeds depend on a prolific seed production for 
dissemination and survival of the species (National Academy 
of Sciences, 1958). Weed seeds are shed on the soil surface 
at the end of the plant life cycle. There they remain or 
are incorporated into the soil profile, by natural or 
artificial means. The fate of viable weed seeds 
-germination, dormancy or loss of viability- is determined 
by their internal physiological status (dormancy) and by the 
environment they encounter in the soil. 
The property of seed dormancy allows weed seeds to 
remain viable in the soil for long periods of time if 
certain environmental conditions are present. During this 
extended life in the soil, weed seeds may associate with 
elementary soil particles, enter the profile and become an 
intimate part of soil structural units. 
This research has documented the presence of weed seeds 
deep into the soil profile, even in the absence of primary 
tillage operations. Soil under reduced tillage however, 
accumulated most seeds in the surface layers of the profile 
while plowing helped to incorporate weed seeds into greater 
depths. These results are in agreement with those of 
Roberts (1963) and Fay and Olson (1978), which had already 
illustrated the accumulation of weed seeds on surface layers 
of no-till and reduced tillage soils. The fate of weed 
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seeds is affected by their position in the soil profile. 
Seeds located near the surface may encounter the appropriate 
conditions for germination more often during the year, and 
may also be exposed to losses in viability caused by attack 
from micro- and macro-organisms (Brenchley and Warington, 
1930; Chepil, 1945a, b; Roberts and Feast, 1972; Schafer and 
Chilcote, 1970; Stoller and Wax, 1973, 1974; Taylorson, 
1970, 1972). The proportion of germinated seeds recovered 
in the spring was higher under reduced than under 
conventional tillage, a result that could be partly 
explained by the depth location of the seeds in the soil 
profile. The effect of primary tillage on weed seed burial 
is also illustrated by the similarity on depth distribution 
of seeds in both treatments in the fall, after the new 
'crop' of weed seeds has been shed onto the soil and before 
fall plowing. 
The soil space has another, three-dimensional, micro-
scale, type of variability in physical properties. Well-
structured soils have a variety of different sizes of soil 
aggregates immersed in a macroporous matrix. Soil 
aggregates are usually highly cemented and with a high ratio 
of micro/macropores, retaining moisture at higher tensions 
and for longer than the well-aerated matrix of macropores. 
Currie (1972) has proposed that crop and weed seeds may be 
exposed to different environments depending on their 
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position in relation to soil aggregates, due to the 
different moisture/aeration conditions in those microsites. 
This research has shown that weed seeds, lying in the soil 
for extended periods of time, become associated with soil 
particles and incorporated into soil aggregates. Although 
only aggregates larger than 2.5 cm in diameter contained 
significant numbers, weed seeds were found inside a variety 
of ped sizes even in the absence of primary tillage. Oomes 
and Elberse (1976) and Sheldon (1974) have indicated that 
some properties of seeds (hairy, ridged, sticky coats) may 
facilitate their association to soil particles and 
penetration into the profile. This may explain the presence 
of weed seeds in aggregate classes C through F under reduced 
tillage conditions. Harris et al. (1966) and Sheldon (1974) 
have also suggested that seeds may enter the soil profile 
through natural or artificial cracks or fissures, or they 
could be forced by raindrop impact, animals or machines. 
This could be a likely explanation for the presence of seeds 
in the largest aggregate size-fractions (A and B) which, by 
their size, may contain fissures or macropores within their 
space through which seeds could enter, and in the non-
aggregated fraction of the soil. 
Primary tillage operations not only incorporated seeds 
into deeper layers of the soil profile, but also into a 
variety of soil structural units. Weed seeds were uniformly 
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distributed among aggregate fractions by conventional 
tillage. Reduced tillage soil however, produced a larger 
proportion of weed seeds in the non-aggregated fraction of 
the soil. In the natural soil environment, these seeds 
likely occupied the spaces among soil aggregates. This 
difference between tillage regimes was more pronounced 
deeper into the soil profile, and it is explained by the 
mechanical effect of the plow, which could either 
incorporate weed seeds into soil aggregates or bury seed-
containing soil peds deeper into the profile. 
This research has shown the existence of a variety of 
seed-soil microsites within the soil profile. Moreover, 
according to the variability in soil physical properties in 
well-structured soils, these microsites could offer 
significantly different environmental conditions to weed 
seeds in the soil. Seeds incorporated into soil aggregates 
may be exposed to high moisture and low oxygen tensions 
during most of the year. These conditions are not conducive 
to seed germination, but rather to the maintenance of seed 
dormancy. The number of sub-aerobic microsites could be 
determined, as suggested by Smith (1977), by the size 
distribution of aggregates in the soil. Seeds in contact 
with the macropore spaces of the soil, lying in between soil 
peds or on their surfaces, would have good oxygen supply and 
their germination would be a function of moisture 
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availability during the year. 
Seed-soil microsites are defined by the physical 
relationships between the seed and the soil in its immediate 
vicinity. Weed seed populations in the soil may include 
various sub-populations according to the location of the 
seeds in relation to soil structural units. Germination, 
dormancy and viability of weed seeds in the soil could be 
regulated by the characteristics of those microsites. 
Tillage operations affect the depth distribution of weed 
seeds in the soil. But also, by modifying, the distribution 
of aggregate sizes and mechanically incorporating seeds into 
soil peds, tillage may alter the number, type and 
characteristics of seed-soil microsites. The effects of 
tillage on weed seed germination, dormancy and viability may 
be more complex and subtle than previously recognized. 
Some of the limitations of this research should be 
mentioned. First, there are those related to the study of 
the aggregation status of soils. Factors such as sampling 
instrument used, size and number of sampling sites, handling 
of soil samples, sieving procedure, and the number of 
aggregate size-fractions separated, may have all affected 
the results obtained. Second, sampling for weed seeds in 
the soil always faces the problem of representativity. The 
variability on the number of weed seeds in the soil within 
small areas, has been previously documented (Roberts, 1970). 
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The number of sampling sites used in this study was limited 
by the maximum volume of soil that could be practically 
processed by the rotary-sieve and by the difficulties in 
taking composite samples without breaking soil aggregates 
during mixing. Third, weed seeds recovered after washing a 
particular aggregate size-class have been assumed as 
occupying the space inside those aggregates. This may be a 
valid general assumption, but a) seeds on the surface of 
aggregates could have been detached from them while sieving 
and recovered in the non-aggregated fraction of the soil, 
and b) seeds recovered from an aggregate could have been 
anywhere inside its space, not necessarily in its center, 
with the potential for a more subtle differentiation of 
seed-soil microsites. 
Future research should concentrate efforts in 
documenting the existence of seed-soil microsites through 
the use of such techniques as soil microscopy. A better 
evaluation of the effects of tillage on the type and number 
of seed-soil microsites could be obtained by subjecting 
seed-contaminated soils to distinct primary and secondary 
tillage operations. The characterization of seed-soil 
microsites is the subject of the second part of this 
research. Future studies however, should also try to 
evaluate the physiological status of weed seeds recovered 
from different aggregate sizes as affected by soil profile 
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depth and season of the year. The development of new weed 
management techniques could be helped by a better 
understanding of the effects of tillage on seed-soil 
microsites and their role in regulating weed seed 
germination, dormancy and viability. 
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SECTION II. CHARACTERIZATION OF SEED-SOIL MICROSITES IN 
RELATION TO WEED SEED GERMINATION 
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INTRODUCTION 
The fate of viable weed seeds under field conditions 
-germination, dormancy or loss of viability- is determined 
by their internal physiological status and by the 
environmental conditions they encounter when in "une soil 
(Schafer and Chilcote, 1970). Seeds of annual weed species 
shed onto the soil surface may face a high degree of micro-
topographic variability. At the size-scale of most seeds, 
this type of soil heterogeneity offers a variety of 
microsites with different moisture/aeration conditions which 
may regulate seed germination and seedling establishment 
(Evans and Young, 1972a, b; Harper and Benton, 1955; Harper 
etal., 1965; Sheldon, 1974). 
The soil is a heterogeneous medium not only on its 
surface, but also within the profile (Black, 1958; Currie, 
1951, 1972; Smith, 1977). Well-structured soils are 
composed of a well-aerated matrix of macropores containing a 
variety of different sizes of aggregates with high degree of 
internal cementation and microporosity which may retain 
water at high tensions during most of the year (Currie, 
1951, 1952, 1955, 1955, 1972; Smith, 1977). The 
environmental conditions within and outside soil aggregates 
are likely to differ, and this heterogeneity in the soil 
environment may be of significance to weed seed germination, 
dormancy and viability (Currie, 1972). 
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Weed seeds remaining in the soil for many years may 
associate with soil particles and, not only enter the soil 
profile, but also become incorporated into soil structural 
units. This phenomenon may occur in the presence or absence 
of tillage. Recent evidence indicates that primary tillage 
operations tend to distribute weed seeds uniformly among a 
variety of soil aggregate size-fractions. Soil under 
reduced tillage regimes, in the absence of primary tillage 
operations, although having weed seeds within several sizes 
of aggregates shows a higher proportion of them in the non-
aggregated fraction of the soil. 
Seed germination is affected by, among other 
parameters, moisture and aeration levels in the immediate 
vicinity of the seed (Collis-George and Sands, 1959, 1952; 
Dasberg, 1971; Dasberg and Mendel, 1971; Sedgley, 1953). 
Soil moisture and aeration are regulated by a variety of 
soil physical characteristics, among which the distribution 
of aggregate sizes is of relevance to the present research 
(Black, 1968). Previous research on the effects of soil 
structure on plant growth has indicated that the optimum 
size of soil aggregates for crop production is that which 
provides optimum aeration and moisture conditions to the 
germinating seed and the roots of the growing plant 
(Campbell and Phene, 1977; Hagin, 1952; Hammerton, 1951; 
Miller and Mazurak, 1958; Njos, 1979). Seed-soil moisture 
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relationships are affected by soil water matric potential, 
soil hydraulic conductivity, degree of contact of the seed 
with the atmosphere or macropore space and with the water 
supplying medium, and by the water absorption 
characteristics and the rate of evaporative water loss of 
the seed (Collis-George and Sands, 1959, 1952; Collis-George 
and Hector, 1965; Dasberg, 1971; Dasberg and Mendel, 1971; 
Hadas, 1970; Harper et al., 1955; Sedgley, 1953; Williams 
and Shaykewich, 1971). The aeration status of the soil in 
the immediate environment of the seed is affected by 
porosity and total moisture content of the soil (Edwards, 
1972; Hutchins, 1925; Dasberg et al., 1956). Oxygen 
diffusion to the germinating seed may be impaired by very 
thin water films surrounding it due to the low coefficient 
of oxygen diffusion in water (Currie, 1952, 1972; Ohmura and 
Howell, 1960). Some experimental evidence indicates that 
burying seeds in fully moist soil could check their 
germination by impairing oxygen diffusion through the water-
filled pores (Oomes and Elberse, 1975). 
Currie (1972) has suggested that crop and newly shed 
weed seeds, inside natural or artificial soil fissures come 
in contact with the macropore space of the soil. These 
seeds would have satisfactory aeration levels, and the 
limiting factor for their germination could be the moisture 
supply. Weed seeds which have been incorporated into soil 
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aggregates will be surrounded by a network of micropores 
which may be water-saturated most of the time, therefore 
creating a natural barrier to oxygen diffusion to the center 
of the ped (Currie, 1961, 1952, 1955, 1965; Smith, 1977). 
The variety of seed-soil microsites, originated by the 
heterogeneity of the soil space associated with soil 
structure, could have a significant role in regulating weed 
seed germination, dormancy, and viability of weed seeds in 
the soil. 
The objectives of this research were first, to 
characterize several seed-soil microsites, artificially 
created to simulate different seed-soil associations, as to 
their effects on weed seed germination. Second, to 
determine the limiting factor for the germination of seeds 
inside and among soil aggregates. 
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MATERIALS AND METHODS 
A series of growth chamber-and laboratory experiments 
were conducted to evaluate the effects of the location of 
the seed in relation to soil structural units on seed 
germination. A Webster silty clay loam soil with 5% organic 
matter was used to design several seed-soil microsites 
which, when placed under the same environment, provided 
different moisture/aeration conditions to the seed. 
Experiments were conducted with all or some of the 
following plant species: corn (Zea mays (L.), "Pioneer 
3541"), soybean (Glycine max (L.) Merr., "Corsoy '79"), rice 
(Oryza sativa L.), velvetleaf (Abutilon theoprasti Medic.), 
and giant foxtail (Setaria faberi Herrm.). Seeds were pre-
treated with 'Captan-Thiram Seed Protectant' (43% captan and 
43% thiram from Stauffer Chemical Company) at the rate of 
280 mg of product per 100 g of seed. Seeds of velvetleaf 
and giant foxtail were collected at Ames, Iowa, in the fall 
of 1982 and stored at 5° C until used. Velvetleaf seeds 
were uniformly pre-treated to rupture the seed coat by 
placing them in 70° C oven for 15 minutes (Mulliken and 
Kust, 1970). Germinability of the seed lots, tested in 
petri dishes at 25° C for seven days, was approximately 99% 
for corn, soybean and rice, 68% for giant foxtail, and 58% 
for velvetleaf after pre-treatment. 
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Growth Chamber Experiment 
A growth chamber experiment was designed to test the 
hypothesis that a variety of micro-environments could be 
obtained by modifying only the location of seeds in relation 
to soil structural units, under otherwise uniform 
environmental conditions. Four seed-soil microsites were 
obtained by seeding corn, soybean, velvetleaf and giant 
foxtail among aggregates of the following diameters: (1) 
aggregates >1.25; (2) 1.25> aggregates >0.53; (3) 0.53> 
aggregates >0.33; (4) aggregates <0.33 cm, also referred to 
as the non-aggregated fraction of the soil. Two additional 
treatments consisted of seeding the same species inside soil 
peds made with (5) 20 g, and (6) 3 g of soil (see section 
"Artificial Soil Peds", and Figure 19). Aggregate size-
classes were obtained by dry sieving soil through USA 
Standard Testing Sieves (Fisher Scientific Company) of 1.25, 
0.63, and 0.33 cm openings. 
Treatments were applied on 27.5 by 19.0 cm flats, 6 cm 
deep, each filled with 1.5 +/- 0.25 kg of soil to 4 cm 
height, seeds placed at a depth of 2 cm. Soil peds in 
treatments 5 and 6, were also placed at a depth of 2 cm 
resting on, and covered by, coarse sand. Ten seeds of each 
species were seeded per flat and each soil-seedbed treatment 
replicated four times in a randomized block design. 
115 
FIGURE 19. Soil-seedbed treatments included in the growth 
chamber experiment (top: 1, 2, 3 and bottom: 4, 
6 )  
Flats were irrigated at three different frequencies: 
every 12, every 48, or every 95 hours. All six seedbed 
treatments were included in the 48 hours watering frequency, 
but only treatments 1, 4, and 5 were present in the other 
two irrigation frequencies, conforming an incomplete 
factorial experiment. Flats were .irrigated to soil 
saturation (water percolated freely through flats) 
protecting them with a double layer of cheesecloth to 
minimize breakage of soil aggregates by water drop impact. 
The growth chamber was set to 30° C daytime (0800 to 
1800 hours) and 15° C nighttime (1800 to 0800) alternating 
115 
temperatures. Illumination was gradually initiated at 0500 
with incandescent bulbs, to 50% full daytime light at 0700, 
to full daylight at 0800, and gradually lowered by reversing 
the sequence at 1500 to full darkness at 1800. 
Dummy flats duplicating all soil treatments but 
containing no seeds were placed at random in the growth 
chamber to provide for temperature and moisture 
determinations. Air and soil temperatures at a depth of 2 
cm were monitored with thermocouples and recorded on a 
CR21/Campbell Scientific micrologger. Actual daily 
temperature cycles for air and selected soil-seedbeds are 
shown in Figure 20. Soil moisture was determined in four 
replicates for each treatment, at 0 hours after initial 
watering, and at 12, 48, or 96 hours before and after 
successive irrigations. Copper rings, 4.5 cm in diameter 
and 4.0 cm tall, open at the top and with a layer of 
cheesecloth at the bottom, were filled with the various 
soil-seedbed treatments and placed in the dummy flats. Each 
copper ring constituted one sampling unit for moisture 
determination. Percent soil moisture (weight by weight) was 
calculated by oven-drying soil samples in soil moisture cans 
at 105° C for 24 hours. Soil moisture content in treatments 
5 and 5 was determined on individual soil peds. 
Seedling emergence above soil level was recorded daily 
from day one until the 20th. 
FIGURE 20. Daily air and soil (treatments 1, 4, and 6 only) 
temperatures in the growth chamber 
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Crisper Experiment 
The effects of the micro-environment created inside 
fully moist soil peds on seed germination were further 
evaluated by seeding inside several sizes of soil peds 
incubated under high relative humidity atmospheres. 
Additionally, an attempt was made to determine the critical 
size of soil ped to cause inhibition of seed germination on 
several plant species. 
Treatments consisted of soil peds made with 0.05, 0.1, 
0.2, 0.4, 0.5, 1.0, 2.0, or 3.0 g of dry soil containing one 
seed each (see section "Artificial Soil Peds"), and a 
control treatment in which seeds were germinated without any 
soil surrounding them, also referred to as 'naked seeds'. 
Plant species tested were corn, soybean, rice, velvetleaf 
and giant foxtail. All treatments were replicated four 
times in a randomized complete block design for each plant 
species, except for rice which was tested only in the 1.0 g 
soil ped, and corn and soybean which were not tested in the 
0.05 g soil ped. The unit-block was a single lid-covered 
clear plastic crisper, 27 cm long, 19 cm wide and 8 cm tall, 
containing a complete set of treatments. One experimental 
unit consisted of 10 seeds resting on 0.5 mm thick blotter 
paper which in turn was supported by a wire base 3 cm above 
the bottom of the crisper. The sides of the blotter paper 
were bent downwards to the bottom of the crisper in contact 
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with 750 ml of distilled water. The contact of the blotter 
paper with water and the high relative humidity environment 
caused by closing the crisper assured that soil peds were 
fully moist during the experimental period. Soil moisture 
determinations indicated that peds equilibrated at 
approximately 34-44% soil moisture (w/w) in about 5 hours 
after incubation in crispers (Table 11). 
Crispers remained in the dark at constant 25° C during 
ten days; germination of naked seeds (radicle protruding 
more than 2 mm) or radicle emergence out of soil peds was 
determined daily. At the 10th day, all soil peds were 
opened and the seeds inspected. Velvetleaf and giant 
foxtail seeds inside 0.05 g soil peds which were not emerged 
by the 10th day were washed off soil and reincubated for 
seven additional days. Their germination was recorded 
daily. 
Flask Experiment 
The nature of the inhibition of seedling emergence out 
of fully moist soil peds was further explored under normal 
and oxygen-enriched atmospheres. In these experiments, only 
corn and giant foxtail seeds were included, without any soil 
surrounding them and inside the previously determined 
critical soil ped size for each species (see section 
"Crisper Experiment"). 
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Giant foxtail and corn seeds with no soil surrounding 
them, giant foxtail seeds inside 0.1 g soil peds, and corn 
seeds inside 0.4 g soil peds were incubated in 21% and 75% 
oxygen atmospheres. Five seeds or seed-containing peds 
rested on three layers of Whatman No. 1 filter paper wetted 
with 3 ml of distilled water inside a 50 ml Erlenmeyer 
flask. Flasks were closed with rubber septa and the oxygen 
tensions inside adjusted by volume displacement with the use 
of syringes and 99% pure oxygen gas. The tight rubber seal 
assured a high relative humidity environment inside the 
flask throughout the experimental period. Each treatment 
was replicated eight times, one replicate consisting of one 
Erlenmeyer flask containing five seeds or seed-containing 
peds, conforming a factorial experiment in a completely 
randomized design. 
Daily germination of naked seeds (radicle protrusion) 
or radicle emergence out of soil peds was recorded through 
the 7th experimental day when treatments including oxygen 
enriched atmospheres and those including naked seeds in 21% 
oxygen were terminated. At this time, four of the eight 
replicates containing seeds inside soil peds incubated in 
21% oxygen were randomly assigned to an oxygen-enriched 
atmosphere, while the other four replicates remained in 21% 
oxygen. The first group then received 21% oxygen through 
the 7th day and 75% oxygen from day seven through the 14th. 
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The second group was incubated in 21% oxygen through the 
14th day; air in this flasks however was replaced on day 
seven to eliminate possible differences in relative humidity 
between treatments caused by replacing moist air by dry 
oxygen. Seedling emergence out of soil peds was recorded 
daily. 
Artificial Soil Peds 
The technique for building artificial soil peds was the 
same for all experiments mentioned above and it is here 
described. 
Peds were built with 30-meshed steam-sterilized soil, 
oven-dried at 105° C for 24 hours. Various amounts of dry 
soil were pre-weighed and placed in test tubes. Distilled 
water was added with micro-syringes in amounts sufficient to 
take the soil to plasticity. To reduce the variability in 
initial moisture content of peds made with different amounts 
of dry soil, the quantity of water added was adjusted to 
take the soil to approximately 25-30% moisture (w/w) in all 
treatments. The actual moisture content of soil peds was 
determined immediately after constructing them in the 
laboratory and after incubation in humid plastic crispers by 
oven-drying the peds at 105° C for 24 hours (Table 11). 
Peds were built by hand, of a cylindrical shape and non-
imbibed seeds always placed in the center of the cylinder 
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(Figure 21). Dimensions of soil peds as built in the 
laboratory, without seeds inside them, is shown in Table 12. 
The very small soil/seed volume ratio in some treatments, 
such as corn and soybean in the 0.1 g ped, allowed only 
incomplete covering of the seeds with soil. 
TABLE 11. Construction parameters and moisture content of 
artificial soil peds 
Construction Parameters Percent (w/w) Soil Moisture 
Dry Water After 5 hrs 
Soil (g) Added (g) Estimated Actual in Crispers 
0.05 0.0125 25.0 26 .9 42. ,2 
0.10 0.025 25.0 24. 5 34. 2 
0.20 0.05 25.0 27. 9 34. ,8 
0.40 0.10 25.0 28. . 1 33. ,9 
0.50 0.15 30.0 30. ,8 43. , 7 
1.00 0.30 30.0 32. ,6 40. 2 
2.00 0.60 30.0 30. 9 37. 1 
3.00 0.95 31.7 33. 7 39. 8 
Soil peds were built in conditions as sterile as 
possible through surface disinfection of benches and 
instruments and by using oven-dried sterilized soil. 
However, partial fungal colonization of soil peds after 
incubation in humid crispers was observed. Fungi developed 
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FIGURE 21. Artificial soil peds used in the growth chamber, 
crisper and flask experiments 
on the surface of soil peds after the 6th or 7th day after 
initiation of the experiment and did not affect final 
seedling emergence as reported here. 
Petri Dish/Vial Experiment 
The effect of temporary anaerobiosis on seed 
germination was studied under laboratory conditions, 
attempting to simulate the environment encountered by seeds 
inside fully moist soil peds. 
Giant foxtail, velvetleaf, corn, and soybean seeds were 
incubated submersed in water for 0, 2, 4, 6, 8, and 10 days 
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TABLE 12. Dimensions of artificial soil peds used in the 
growth chamber, crisper, and flask experiments 
Dry Soil (g) 
Soil Fed Dimensions 
Length (cm) Radius (cm) Volume (cc) 
0.05 0, .5 0. , 13 0 .0255 
0.10 0, .7 0. . 15 0, .0495 
0.20 0. ,8 0. ,20 0, .1005 
0. 40 1. ,0 0. 30 0, .2827 
0.50 1. 2 0. 35 0. 4618 
o
 
o
 
I—1 
1. A 0. 40 0, ,7037 
2.00 1. 7 0. 60 1. 9227 
3.00 2. 1 0. 70 3. ,2327 
20.00 4. 2 1. 40 25. 8617 
at two temperatures, 5° and 10° C, removed at the end of the 
incubation period and tested for germination. Treatments 
were applied on 25 seeds of each species which were 
incubated in distilled water inside scintillation vials. 
All treatments were replicated four times at each incubation 
temperature, under a complete factorial randomized block 
design. 
At the end of the incubation period, seeds were rinsed 
in distilled water and placed on three layers of moist 
Whatman No. 1 filter paper in petri dishes at 25° G for 
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seven days. Seed germination (radicle protruding more than 
2 mm) was recorded daily. 
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RESULTS 
The location of weed seeds in relation to soil 
structural units significantly affected the rate and final 
emergence of all plant species tested. Germination of seeds 
in contact with the macropore space among large soil 
aggregates was mainly a function of the rate of moisture 
supply to the seeds while that of seeds in contact with the 
micropore space inside soil peds was likely a function of 
the rate of oxygen diffusion to the seeds. 
Seedling Emergence from Various Soil-Seedbed Conditions 
under Three Irrigation Frequencies 
The rate and final seedling emergence from several 
soil-seedbeds, designed with different sizes of soil 
aggregates, was highly significantly (p <0.01) affected by 
the frequency of irrigation (Tables 49, 50, 51, and 52 in 
the Appendix). Within seedbed treatments, soil moisture 
content, determined before successive waterings, was 
positively correlated with the frequency of irrigation. 
Within irrigation regimes, the seedbed made with the non-
aggregated fraction of the soil (treatment 4) retained more 
moisture than any other seedbed treatment, except under the 
every 48 hours irrigation frequency in which soil peds made 
with 3 or 20 g of soil had higher soil moisture content 
before rewaterings (Table 13). 
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TABLE 13. Percent (w/w) soil moisture of several seedbed 
treatments under three irrigation frequencies in 
the growth chamber 
Percent (weight/weight) soil moisture 
Irrigation Sampling Soil-Seedbed Treatments 
Frequency Time(Re: 
Every Irrig.) 1 2 3 4 5 5 Mean 
Initial 35.3 37.6 40.5 50.8 28.8 29.7 37.1 
12 hours Before 25.1 - - 35.5 - 30.3 30.7 
After 28.2 - - 41.8 - 31.1 33.7 
48 hours Before 5.0 9.8 14.5 17.2 25.7 28.5 17.2 
After 38.0 45.5 46.5 45.5 22.7 30.9 38.4 
95 hours Before 4.0 - - 7.4 - 3.1 4.8 
After 42.4 - - 47.4 - 31.4 40.4 
Final seedling emergence at 20 days in the growth 
chamber is shown in Table 14. All plant species showed 
highly significant responses to seedbed, irrigation 
frequency and to the interaction of seedbed treatment by 
irrigation frequency (Tables 49, 50, 51, and 52 in the 
Appendix). All four species showed maximum emergence in 
treatments 1 and 4 when irrigated every 12 hours, and in 
treatment 2, 3 or 4 when irrigated every 48 hours. At the 
lowest irrigation frequency, maximum emergence of giant 
foxtail and velvetleaf was given by treatment 4, while 
maximum emergence of corn and soybean was reached in 
treatment 6 (Table 14). Averaging over seedbed treatments. 
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maximum emergence of corn, soybean, and giant foxtail was 
obtained by irrigating every 12 or 48 hours, while maximum 
emergence of velvetleaf occurred when irrigating every 12 
hours. When seeding in the coarsest seedbed, the reduction 
in final seedling emergence caused by decreasing the 
frequency of irrigation from 12 to 48 hours followed the 
order velvetleaf > corn > giant foxtail > soybean. Reducing 
the frequency of irrigation from 48 to 96 hours affected the 
species in the following order: soybean > corn > velvetleaf 
> giant foxtail. Averaging over irrigation frequencies (for 
treatments 1, 4 and 6 only), the non-aggregated fraction of 
the soil maximized the emergence of all species tested. 
The highly significant interaction (p<0.01) of seedbed 
condition by irrigation frequency is shown in Figure 22 for 
corn, as an illustration of the general trends observed. 
Seedling emergence decreased with decreased irrigation 
frequency when seeding among large soil aggregates 
(treatment 1), but increased when seeding inside soil peds 
(treatment 6). Emergence from the non-aggregated fraction 
of the soil (treatment 4) was maximal at the intermediate 
irrigation frequency (Figure 22). 
The rate of seedling emergence was affected by moisture 
and aeration at the level of the seed-soil microsite. 
Figures 23, 24, 25, and 25 show the delay in seedling 
emergence of all species seeded among large soil aggregates 
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TABLE 14. Final seedling emergence of giant foxtail, 
velvetleaf, corn and soybean at 20 days after 
seeding in several seedbed treatments in the 
growth chamber 
Percent Seedling Emergence 
Irrigat. 
Plant Frequency 
Spp. (hours) 1 
Soil-Seedbed Treatments 
Giant 
Foxtail 
12 
48 
96 
Mean 
LSD 5% 
LSD 1% 
77.5 
72.5 
20.0 
56.6 
80.0 77.5 
67.5 
77.5 
82.5 
75.8 
0.0 
0.0 
2.5 
0.0 
0.8 
Mean 
48.3 
51.7 
34.2 
12.4 
16.7 
Velvet-
leaf 
12 
48 
96 
Mean 
LSD 5% 
LSD 1% 
60.0 
42.5 
5.0 
35.8 
52.5 57.5 
57.5 
60.0 
52.5 
56.7 
10.0 
0.0 
12.5 
22.5 
11.7 
65.8 
39.2 
26.7 
14.2 
19.2 
Corn 12 
48 
96 
Mean 
LSD 5% 
LSD 1% 
97.5 
80.0 
5.0 
60.8 
95.0 97.5 
90.0 
97.5 
50.0 
79.2 
42.5 
10.0 
27.5 
80.0 
39.2 
65.8 
73.3 
45.0 
12.7 
17.2 
Soybean 12 
48 
96 
Mean 
LSD 5% 
LSD 1% 
97.5 
92.5 
0.0 
63.3 
95.0 100.0 
97.5 
1 0 0 . 0  
80.0 
92.5 
32.5 
22.5 
37.5 
85.0 
48.3 
72.5 
76.3 
55.0 
13.7 
18.5 
(treatment 1) associated with a decreased frequency of 
irrigation. Although final seedling emergence was similar 
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FIGURE 22. Corn seedling emergence from three seedbed 
conditions (treatments 1, 4, and 6), under three 
irrigation frequencies in the growth chamber |Se=1.4) 
132 
for soybean seeded among aggregates >1.25 cm irrigated every 
12 or every 48 hours, the rate of emergence was 
significantly decreased under the latter irrigation regime 
(Table 52 in the Apnendix). The rate of emergence was 
decreased by increasing the frequency of irrigation when the 
seed was exposed to the micro-environment created inside 
soil peds (Figures 23, 24, 25, and 26). 
Seedling Emergence from Fully Moist Soil Peds 
The emergence of corn, soybean, giant foxtail and 
velvetleaf seedlings was greatly reduced by very small 
amounts of moist soil. A seed size effect on the capacity 
of the seed to germinate and emerge out of soil peds was 
shown by the range of species tested. 
Germination of giant foxtail and velvetleaf, at ten 
days after seeding, was highly significantly (p<0.01) 
different between the naked seed and the smallest soil ped 
(0.05 g of dry soil) tested (Table 15 and Table 53 in the 
Appendix). Germination of corn and soybean seedlings was 
highly significantly (p<0.01) different only between the 
naked seed and soil peds made with 0.4 g of dry soil and 
larger. Surrounding corn and soybean seeds with very small 
amounts of soil (0.1 and 0.2 g soil peds) did not affect or 
slightly increased seedling emergence. Rice seeds were able 
to germinate and emerge (58% emergence) out of 1.0 g peds 
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FIGURE 23. Cumulative seedling emergence of giant foxtail 
seeded into two soil-seedbeds, under three 
irrigation frequencies, in the growth chamber 
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FIGURE 24. Cumulative seedling emergence of velvetleaf 
seeded into two soil-seedbeds, under three 
irrigation frequencies, in the growth chamber 
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FIGURE 25. Cumulative seedling emergence of corn seeded 
into two soil-seedbeds, under three irrigation 
frequencies, in the growth chamber 
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FIGURE 26. Cumulative seedling emergence of soybean seeded 
into two soil-seedbeds, under three irrigation 
frequencies. In the growth chamber 
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while larger seeded species, such as corn and soybean 
subjected to the same treatment, had 20% and 10% seedling 
emergence, respectively (Table 15). 
TABLE 15. Final seedling emergence of giant foxtail, 
velvetleaf, corn, soybean and rice, ac ten days 
after seeding inside several soil ped sizes 
incubated in crispers 
Soil Ped 
Percent Seedling Emergence 
Size (g) G. , Foxtail Velvetleaf Corn Soybean Rice 
0.0 82.5 60.0 95.0 97.5 100, ,0 
0.05 25.0 27.5 - -
0.10 22.5 10.0 100.0 95.0 
0.20 0.0 0.0 95.0 100.0 
0.40 0.0 0.0 65.0 42.5 
0.50 0.0 0.0 27.5 20.0 
1.00 0.0 0.0 20.0 10.0 67, ,5 
2.00 0.0 0.0 15.0 7.5 
3.00 0.0 0.0 2.5 0.0 
LSD 5% 
LSD 1% 
5.8 
7.9 
6.0 
8. 1 
11.7 
15.1 
12.6 
17.1 
The relationship between seedling emergence and soil 
ped size for all species tested is shown in Figure 27. In 
all cases, there existed a highly significant (p<0.01) 
quadratic effect of the amount of soil on the percentage of 
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seedling emergence. 
On the 10th day, the experiment was terminated, soil 
peds were open and non-emerged seeds inside them inspected. 
Corn and soybean seeds appeared imbibed but with no radicles 
emerged, whitish and with strong odor. Giant foxtail and 
velvetleaf seeds were also imbibed but without any 
significant color or odor modification. Giant foxtail seeds 
did not show radicle protrusion but several velvetleaf seeds 
had radicles protruding less than 1 mm. Seeds of giant 
foxtail and velvetleaf incubated inside 0.05 g soil peds 
were then washed off soil and placed to germinate without 
any soil surrounding them for seven additional days. Seeds 
of both species were able to resume germination to a certain 
degree. Total giant foxtail germination at the end of the 
second period was 55% of that of the original control while 
velvetleaf seeds approached (88%) the germination of the 
control (Table 16). 
Effects of Oxygen-Enriched Atmospheres on Seedling Emergence 
from Fully Moist Soil Peds 
The emergence of giant foxtail and corn seedlings was 
significantly decreased by 0.1 and 0.4 g soil peds 
respectively, when incubated for seven days in 21% oxygen. 
Increasing the oxygen content inside the flasks from 21% to 
75% partially, but significantly, reversed the inhibition of 
FIGURE 27. Percentage seedling emergence as affected by 
soil ped size, for giant foxtail (G), velvetleaf 
(V), corn (C), soybean (S), and rice (R) in the 
crisper experiment 
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TABLE 15. Giant foxtail and velvetleaf seedling emergence 
out of 0.05 g soil peds incubated in crispera 
before and after soil removal 
Percent Seedling Emergence 
-
Giant Foxtail Velvetleaf 
Soil 
Size 
Fed 
(g) 
At Day 10 
(Before 
Soil 
Removal) 
At Day 7 
After 
Soil 
Removal 
At Day 10 
(Before 
Soil 
Removal) 
At Day 7 
After 
Soil 
Removal 
0.0 82.5 - 60.0 -
0.05 25.0 45.0 27.5 52.5 
seedling emergence caused by fully moist soil peds in both 
species. 
Seeds of giant foxtail surrounded by 0.1 g soil showed 
a highly significant (p<0.01) reduction in emergence when 
compared with naked seeds (Table 54 in the Appendix). 
Increasing the oxygen content from 21% to 75% did not affect 
the final germination of naked seeds but it significantly 
(p=0.04) improved the emergence of seeds out of 0.1 g soil 
peds (Table 17). Neither soil (p=0.05) nor oxygen (p=0.15) 
significantly affected corn seedling emergence and the 
interaction of soil by oxygen level just failed to be 
significant (p=0.06) (Table 18 and Table 55 in the 
Appendix). 
Giant foxtail seeds inside 0.1 g soil peds incubated in 
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TABLE 17. Giant foxtail seedling emergence from 0 and 0.1 g 
soil peds incubated in two oxygen levels in 
Erlenmeyer flasks 
Percent Seedling Emergence 
At 7 Days At 14 Days 
Soil 
Oxygen Levels Oxygen Levels • 
Treatment 21% 75% Mean 21%-21% 21%-75% Mean 
0.0 g 80.0 77.5 78.8 - - -
0.1 g 0.0 35 .0 17.5 5.0 50.0 27.5 
Mean 40.0 55.3 - - - -
LSD 5% 
LSD 1% 
22 
29 
.0 
.7 
TABLE 18. Corn seedling emergence from 0 and 0.4 g soil 
peds incubated in two oxygen levels in Erlenmeyer 
flasks 
Percent Seedling Emergence 
At 7 Days At 14 Days 
Soil 
Oxygen Levels Oxygen Levels 
Treatment 21% 75% Mean 21%-21% 21%-75% Mean 
0.0 g 95.0 92 .5 93.8 - - -
0.4 cf 42.5 50.0 51.3 42.5 47.5 45.0 
Mean 68.8 75.3 _ _ _ 
LSD 5% 14.6 
LSD 1% 19.8 
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21% oxygen from day one to day seven, were able to increase 
seedling emergence from 0% to 50% when transferred to 75% 
oxygen from days 7 through 14 (Table 17). Seeds maintained 
inside 0.1 g soil peds in 21% oxygen through day 14 
increased their emergence only from 0% to 5%. 
The inhibition of germination occurring in corn seeded 
inside 0.4 g soil peds incubated in 21% oxygen however was 
not relieved by transferrina the experimental units to 75% 
oxygen. As shown in Table 18, there was only a non­
significant (p=0.15) 5% increase in corn seedling emergence 
from 0.4 g soil peds incubated in 21% oxygen from day one 
through seven and 75% oxygen from day 7 through 14 (Table 55 
in the Appendix). 
Effects of Temporary Anaerobiosis on Seed Germination 
Final germination of giant foxtail, velvetleaf, corn 
and soybean was differentially affected by the length of 
incubation in water. A highly significant triple 
interaction of species by temperature by length of 
incubation (Table 55 in the Appendix), indicated a 
differential response of the species tested to length of 
incubation in water. Corn and soybean showed decreased 
germination with increased length of anaerobic incubation 
(Table 19). This trend was more pronounced, mainly for 
soybean, when seeds were incubated at 25° C than at 5° C. 
l-±4 
Germination of giant foxtail and velvetleaf seeds was not 
affected by either the length or the temperature of 
incubation in water. A trend to increased germination when 
incubated for short periods in 5° C water was shown by giant 
foxtail seeds (Table 19). 
TABLE 19. Final germination (at 7 days) of giant foxtail, 
velvetleaf, corn, and soybean incubated for 
several days in 5° and 25° C water 
Percent Germination 
Length of Giant 
Incubation Foxtail Velvetleaf Corn Soybean 
In Water 
(In Days) 5° C 25° C 5°C 25°C 5°C 25°C 5°C 25° C 
0 75 58 97 100 
2 72 74 58 58 80 . 84 86 95 
4 80 78 64 68 83 73 93 97 
6 86 68 64 63 82 69 95 20 
8 82 70 65 67 77 59 81 18 
10 84 69 58 54 73 37 85 3 
LSD 5% = 12 
LSD 1% = 17 
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DISCUSSION 
Newly shed weed seeds reach the surface of the soil 
where they may remain or enter the profile through natural 
fissures or cracks. On the soil surface, seeds face a high 
degree of micro-topographic variability where only certain 
microsites offer the appropriate conditions for germination 
and seedling establishment (Harper et al., 1965). Dormant 
weed seeds may remain in the soil for many years, enter into 
the soil profile, associate with soil particles and become 
an intimate part of soil structural units. Moisture and 
aeration conditions among or inside soil aggregates could be 
different, providing different environments for weed seeds 
in the soil. The physical relationships of the seed with 
the soil in its immediate vicinity, the seed-soil microsite, 
may regulate the fate of weed seeds. 
This research has shown that the germination of seeds 
in contact with the macropore spaces of the soil is mainly a 
function of the moisture available to the seeds. These 
results are in agreement with those of Miller and Mazurak 
(1958), Hagin (1952), and Njos (1979) who have studied the 
effects of soil aggregation on plant growth and development. 
Corn, soybean, giant foxtail and velvetleaf seeded among 
large soil aggregates showed decreased seedling emergence 
with less frequent irrigation. Seeds in contact with the 
macropore space take up water from the soil and lose it to 
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the atmosphere according to the water potential differences 
among soil/seed/air interfaces (Gulliver and Heydecker, 
1972). Final germination of these seeds is dependent on the 
rates of water uptake and evaporative water loss of the seed 
(Harper and Benton, 1965; Evans and Young, 1972a, b). Fine 
seedbeds provided better conditions for germination than 
coarse ones at low irrigation frequencies. Fine seedbeds 
retain moisture for longer periods and they may also have 
better soil hydraulic conductivity (Sedgley, 1953; Collis-
George and Hector, 1956; Williams and Shaykewich, 1971; 
Dasberg, 1971; Dasberg and Mendel, 1971). Fine seedbeds may 
have also provided a better contact of the seed with the 
soil, improving the capacity of the seed to take-up water 
and reducing its evaporative water loss (Sheldon, 1974). 
The importance of seed-soil contact to final germination is 
also illustrated by an additional finding. Seedling 
emergence was not significantly reduced (except for corn) by 
decreasincr the frequency of irrigation, down to every 48 
hours, when seeding was performed in the fine seedbed, 
although soil moisture content in this treatment was down to 
7%. This may be the result of an improved capacity of the 
seed to take-up water from the soil. The favorable effect 
of an appropriate seed-soil contact could also be a likely 
explanation for the stimulation of corn and soybean 
germination observed when these species were seeded inside 
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very small soil peds incubated in crispers. The thin layer 
of moist soil around the seed could have promoted water 
uptake without interfering with seed respiration. The size 
of the seed was an important parameter affecting the degree 
and type of contact between the seed and the soil, and 
explained part of the differential response of the species 
to seedbed treatments (Sheldon, 1974; Oomes and Elberse, 
1976). Larger seeded corn and soybean showed the largest 
decrease in seedling emergence when the frequency of 
irrigation decreased from 48 to 96 hours. As Harper and 
Benton (1956) have suggested, the rate of evaporative water 
loss of these seeds could have surpassed the rate of water 
uptake under limited water supply. 
The decrease in final seedling emergence associated 
with higher frequencies of irrigation, when seeding inside 
soil peds, has been attributed to poor aeration inside fully 
moist soil peds (Currie, 1951, 1962, 1955, 1972; Smith, 
1977). Previous laboratory studies on seed germination have 
stressed the importance of proper oxygen supply for seed 
germination (Bewley and Black, 1978; Edwards, 1972; Mayer 
and Poljakoff-Mayber, 1975). Many researchers have also 
indicated the importance of proper soil aeration for seed 
germination and plant growth (Black, 1968; Bibbey, 1935; 
James, 1968; Sells, 1965). The thickening of water films 
around soil particles could reduce oxygen diffusion to the 
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germinating seed inside soil peds (Dasberg et al., 1956; 
Dasberg and Mendel, 1971; Ohmura and Howell, 1950; Oomes and 
Elberse, 1976; Currie, 1972; Greenwood, 1962). Very small, 
fully moist, soil peds decreased seedling emergence of all 
species tested. This inhibitory effect was partly reversed 
by incubating seed-containing peds in oxygen-enriched 
atmospheres, indicating that a previous limitation in oxygen 
diffusion to the germinating seed was removed by increasing 
the concentration gradient between the air outside and the 
pores inside the soil ped (Nobel, 1974). Increased oxygen 
concentrations outside soil peds may have promoted higher 
rates of oxygen diffusion through the air-filled micropores 
or higher oxygen concentrations in the water surrounding the 
seed. 
The size of the seed was a factor determining the 
amount of moist soil required for inhibition of germination. 
Corn and soybean seeds could germinate and emerge out of 
larger soil peds than those of giant foxtail or velvetleaf. 
A different response was shown, however, by rice which, with 
smaller seeds than corn, could successfully germinate and 
emerge out of soil peds which caused significant inhibition 
of germination of corn. Rice is a species with reported low 
oxygen requirements for germination and it was used in this 
research as a probe for the conditions inside soil peds 
(Bewley and Black, 1978). 
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Another differential species response to incubation of 
seeds in sub-aerobic environments was detected through these 
experiments. Corn and soybean seeds incubated for several 
days in fully moist soi] neds not only failed to germinate 
when placed under appropriate conditions for germination, 
but showed signs of lethal anaerobic metabolism. Moreover, 
transferring soil peds where corn had been seeded seven days 
before, to oxygen-enriched atmospheres did not improve seed 
germination, indicating that those seeds were irreversibly 
damaged. Giant foxtail seeds, on the other hand, could 
withstand and partially recuperate their germinability after 
removing the envelope of soil or transferring the peds to 
higher oxygen concentrations. Although seed viability was 
not determined, it is possible that some of the seeds which 
failed to germinate after removal of the limiting factor for 
germination, entered a state of induced dormancy. 
Velvetleaf seeds showed a similar resoonse to those of giant 
foxtail. Based on the seed dormancy mechanism operative in 
velvetleaf seeds and on visual observations of the seeds 
after anaerobic incubation, it is possible that some seeds 
lost viability during treatment. 
The variety of microsites weed seeds may occupy in the 
soil could have an ecological role. Previous studies on 
weed seeds in the soil have focused only on the variability 
associated with soil profile depth. This research has shown 
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that the heterogeneity of the soil environment associated 
with soil structure may significantly affect the fate of 
weed seeds. The population of weed seeds in the soil may be 
considered as composed of several sub-populations occupying 
different seed-soil microsites. Although the requirements 
for germination of all seeds of a species may be similar, 
the time at which these requirements are met in the soil may 
be different for each sub-population, as dictated by the 
characteristics of the seed-soil associations. Newly shed 
weed seeds may lie on the surface of the soil or enter the 
profile through macropores or fissures. They will be in a 
well-aerated environment and their germination will be a 
function of the moisture supply to and the rate of 
evaporative water loss of the seed. During their extended 
life in the soil, weed seeds associate with soil particles 
and become incorporated into soil structural units. These 
seeds will be exposed to high moisture and low oxygen 
levels, more conducive to seed dormancy than to seed 
germination (Roberts, 1972). The rate of moisture loss and 
the size of the soil aggregates may determine when, and if, 
these seeds germinate. Tillage operations, by changing the 
size distribution of aggregates and mechanically moving weed 
seeds in the soil, may modify the type, number and 
characteristics of seed-soil microsites. The traditional 
explanation for the promoting effects of secondary tillage 
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on weed seed germination through improved seed aeration 
(Bibbey, 1935; Chepil 1946; Becker, 1978), could be 
applicable to those seeds inside soil aggregates. 
This research has shown that oxygen diffusion to seeds 
inside soil pads could limit germination or seedling 
emergence. Future research should quantify these potential 
oxygen deficiencies inside several sizes of soil aggregates 
under varying moisture regimes. More information is also 
required in areas that are on the borderline of soil and 
plant science. Several variables not controlled in these 
experiments, such as water tension, soil texture and 
porosity, should be included in future research to better 
evaluate the characteristics of seed-soil microsites in 
different soils. Since seeds of different plant species 
have different germination requirements, other weed species 
should also be tested on their responses to soil microsite 
conditions. The germination patterns of weed species, 
traditionally explained only by differential temperature 
responses, could be better explored in light of the variety 
of micro-environmental conditions present in the soil. 
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CONCLUSIONS 
Annual weed species depend on a prolific seed 
production for dissemination and survival. The property of 
dormancy, present in seeds of many weed species, allows them 
to remain viable in the soil for many years. The fate of 
viable weed seeds -germination, dormancy or loss of 
viability- depends on their internal physiological status 
and on the environmental conditions they encounter in the 
soil. 
This research has shown that weed seeds often become 
associated with soil particles and incorporated into soil 
structural units. Primary tillage operations not only bury 
weed seeds deep into the profile, but also incorporate seeds 
into a variety of different sizes of soil aggregates. 
Reduced tillage regimes accumulate higher proportions of 
weed seeds in the non-aggregated fraction of the soil. 
The particular location of the seed in relation to soil 
structural units, the seed-soil microsite, may regulate weed 
seed germination. The environment weed seeds encounter 
inside and among soil aggregates may be different, as 
determined by the variability in soil physical properties 
between the well-aerated (macroporous) matrix and the highly 
cemented (microporous) soil peds. Results of this study 
suggest that the germination of weed seeds inside soil peds 
may be limited by low oxygen availability in the micropore 
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space of fully moist peds. Further, the environment inside 
soil aggregates may prevent seed germination and re-impose 
weed seed dormancy. The germination of seeds among soil 
aggregates may be more limited by the balance between the 
supply of soil moisture and the evaporative water loss of 
the seed. 
Seed-soil microsites within the soil profile may have 
an important ecological role in regulating the fate of weed 
seeds. Tillage operations, by changing the distribution of 
aggregate sizes and by mechanically moving the seeds in the 
soil, may modify the type, number and characteristics of 
seed-soil associations. The significance of soil 
heterogeneity on the biology of weed seeds in the soil is 
stressed by the fact that present and future development of 
weed management techniques are based on our understanding of 
the conditions under which dormancy is terminated and re-
imposed on weed seeds in the soil. 
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APPENDIX 
TABLE 20. Soil Mean Weight Diameters (in cm) under reduced 
and conventional tillage as a function of soil 
depth, at two sampling dates 
Spring Fall 
Tillage 
Soil Depth Layer Soil Depth Layer 
Treatment D1 D2 D3 Mean D1 D2 D3 Mean 
Convent. 1.87 1.98 2.15 2.00 1. 76 2.64 2.16 2.18 
Reduced 2.26 1.82 1.46 1.85 1.95 2.60 2.19 2.25 
Mean 2.06 1.90 1.81 - 1.95 2.62 2.18 -
LSD 5% 
LSD 1% 
0.55 
1.76 
1.00 
1.40 
TABLE 21. Analysis of variance for Geometric Mean Diameters 
(spring) 
Source of 
variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Block 3 
Tillage 1 
Error (a) 3 
Depth 2 
Depth X Tillage 2 
Error (b) 12 
Total 23 
0.54 
0.03 
0.28 
0.01 
0.37 
0.25 
1.48 
0 . 2 8  
0.17 
8.78** 
0.6355 
0.8474 
0.0045 
159 
TABLE 22. Analysis of variance for Geometric Mean Diameters 
(fall) 
Source of 
variabilitv 
Block 
Tillage 
Error (a) 
Depth 
Depth 
Error 
Total 
Degrees of 
freedom 
X Tillage 
(b) 
3 
1 
3 
2 
2 
12 
23 
Sum of 
squares 
1.19 
0.03 
1.12 
0.89 
0.03 
1.69 
4.95 
F value 
0.07 
3.15 
0.09 
P value 
0.8049 
0.0797 
0.9148 
TABLE 23. Analysis of variance for class-PWT (spring) 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 10 
Error 90 
Total 120 
6,503.55 
142.57 
213.35 
160.89 
919.26 
7,939.62 
127.05** 0.0001 
2.79* 0.0216 
2.09* 0.0333 
1.58 0.1269 
TABLE 24. Analysis of variance for class PWT (fall) 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth x Class 10 
T X D X Class 10 
Error 90 
Total 120 
7,113.39 
69.55 
257.52 
106.72 
2,332.31 
7,879.49 
54.90** 
0.54 
0.99 
0.41 
0.0001 
0.7501 
0.4549 
0.9377 
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TABLE 25. Analysis of variance for the concentration of 
total weed seeds (CTS) in the soil (spring) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 20,570.57 
Tillage 1 17,034.37 3.22 0.1706 
Error (a) 3 15,870.18 
Depth 2 25,918.60 3.55 0.0614 
Tillage x Depth 2 28,537.74 3.92* 0.0488 
Error (b) 12 43,782.15 
Class 6 4,573.08 2.99* 0.0103 
Tillage x Class 6 3,573.58 2.40* 0.0334 
Depth X Class 12 5,458.99 1.79 0.0614 
T X D X Class 11 5,262.45 2.23* 0.0188 
Error (c) 92 23,437.72 
Total 150 195,229.44 
TABLE 25. Analysis of variance for the concentration of 
total weed seeds (CTS) in the soil (fall) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 199.32 
Tillage 1 105.35 0.98 0.3957 
Error (a) 3 323.32 
Depth 2 396.24 5.19* 0.0238 
Tillage x Depth 2 70.07 0.92 0.4260 
Error (b) 12 458.47 
Class 6 183.84 5.65** 0.0001 
Tillage x Class 5 23.38 0.85 0.5379 
Depth X Class 12 51.94 0.94 0.5117 
T X D X Class 11 14.91 0.27 0.9925 
Error (c) 92 437.68 
Total 150 2,264.52 
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TABLE 27. Analysis of variance for the concentration of 
foxtail seeds (CFS) in the soil (spring) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 17,077.09 
Tillage 1 9,514.92 2.34 0.2237 
Error (a) 3 12,207.21 
Depth 2 15,347.22 2.44 0.1295 
Tillage x Depth 2 17,233.37 2.73 0.1050 
Error (b) 12 37,807.02 
Class 6 3,605.57 3.19** 0.0069 
Tillage x Class 6 3,053.73 2.70* 0.0184 
Depth X Class 12 4,442.84 1.97* 0.0364 
T X D X Class 11 4,980.30 2.40* 0.0114 
Error (c) 92 17,332.12 
Total 150 14,250.39 
TABLE 28. Analysis of variance for the concentration of 
foxtail seeds (CFS) in the soil (fall) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 132.85 
Tillage 1 64.24 0.66 0.4771 
Error (a) 3 293.58 
Depth 2 303.60 5.06* 0.0255 
Tillage x Depth 2 45.78 0.76 0.4879 
Error (b) 12 360.30 
Class 6 151.12 5.84** 0.0001 
Tillage x Class 6 19.06 0.74 0.6215 
Depth X Class 12 45.64 0.88 0.5679 
T X D X Class 11 15.30 0.30 0.9888 
Error (c) 92 409.79 
Total 150 1,841.26 
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TABLE 29. Analysis of variance for the concentration of 
velvetleaf seeds (CVS) in the soil (spring) 
Source of Degrees of Sum of 
variability freedom squares F value P • value 
Block 3 1.08 
Tillage 1 1.93 5.35 0 . ±037 
Error (a) 3 1.08 
Depth 2 0.83 6.99** 0 .0097 
Tillage x Depth 2 0.93 7.77** 0 .0068 
Error (b) 12 0.71 
Class 5 0.39 1.55 0 .1722 
Tillage x Class 5 0.35 1.38 0 .2319 
Depth X Class 12 0.77 1.52 0 .1325 
T X D X Class 11 0.79 1.71 0 .0833 
Error (c) 92 3.87 
Total 150 12.73 
TABLE 30. Analysis of variance for the concentration of 
velvetleaf seeds (CVS) in the soil (fall) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 1.02 
Tillage 1 0.15 1.87 0. .1981 
Error (a) 3 1.03 
Depth 2 0.22 1.30 0. 3093 
Tillage x Depth 2 0.13 0.73 0. 5015 
Error (b) 12 1. 14 
Class 6 0.17 3.21** 0, .0055 
Tillage x Class 5 0.09 1.58 0, ,1527 
Depth X Class 12 0.13 1.15 0. 3209 
T X D X Class 11 0.11 0.98 0. ,4703 
Error (c) 92 0.85 
Total 150 4.95 
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TABLE 31. Analysis of variance for the concentration of 
Pennsylvania smartweed seeds (CPS) in the soil 
(spring) 
Source of 
variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Block 3 1,048.85 
Tillage 1 477.74 1.35 0.3293 
Error (a) 3 1,061.66 
Depth 2 569.98 1.24 0.3239 
Tillage x Depth 2 628.77 1.37 0.2916 
Error (b) 12 2,757.79 
Class 5 177.54 1.09 0.3756 
Tillage x Class 6 175.77 1.08 0.3784 
Depth X Class 12 308.16 0.94 0.5074 
T X D X Class 11 311.12 1.04 0.4188 
Error (c) 92 2,502.26 
Total 150 10,020.64 
TABLE 32. Analysis of variance for the concentration of 
Pennsylvania smartweed seeds (CPS) in the soil 
(fall) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 2.78 
Tillage 1 2.19 1.87 0.2648 
Error (a) 3 3.54 
Depth 2 1.40 1.31 0.3050 
Tillage x Depth 2 1.44 1.35 0.2951 
Error (b) 12 6.37 
Class 6 1.19 1.91 0.0875 
Tillage x Class 6 0.59 0.95 0.4634 
Depth X Class 12 1.16 0.93 0.5187 
T X D X Class 11 0.80 0.65 0.7979 
Error (c) 92 9.85 
Total 150 31.31 
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TABLE 33. Analysis of variance for the concentration of 
barnyardgrass seeds (CBS) in the soil (spring) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 222.69 
Tillage 1 94.51 1.22 0.3492 
Error (a) 3 231.75 
Depth 2 153.02 1.35 0.2971 
Tillage x Depth 2 144.01 1.27 0.3170 
Error (b) 12 582.43 
Class 5 17.89 1.21 0.3077 
Tillage x Class 6 15.05 1.02 0.4175 
Depth X Class 12 30.11 1.02 0.4381 
T X D X Class 11 25.24 0.97 0.4804 
Error ( c )  92 225.43 
Total 150 1,844.24 
TABLE 34. Analysis of variance for the concentration of 
barnyardgrass seeds (CBS) in the soil (fall) 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 1.52 
Tillage 1 1.38 2.81 0.1922 
Error (a) 3 1.45 
Depth 2 0.75 2.56 0.1189 
Tillage x Depth 2 0.72 2.42 0.1305 
Error (b) 12 1.79 
Class 6 0.32 2.06 0.0655 
Tillage x Class 6 0.33 2.15 0.0545 
Depth X Class 12 0.33 1.06 0.3995 
T x D X Class 11 0.34 1.10 0.3682 
Error (c) 92 2.43 
Total 150 11.38 
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TABLE 35. Analysis of variance for the proportion of total 
germinated seeds (PGTS) in the spring 
Source of 
variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Block 3 96.96 
Tillage 1 393.10 5.92 0.0931 
Error (a) 3 199.29 
Depth 2 263.84 1.71 0.2226 
Tillage x Depth 2 19.90 0.13 0.8803 
Error (b) 12 927.21 
Class 6 2 ,844.39 5.86** 0.0001 
Tillage x Class 5 917.43 1.89 0.0913 
Depth X Class 12 997.45 1.03 0.4315 
T X D X Class 11 84.24 0.09 1.0000 
Error (c) 89 7 ,201.72 
Total 147 13 ,945.53 
TABLE 35. Analysis of variance for the proportion of total 
germinated seeds (PGTS) in the fall 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 51.44 
Tillage 1 127.13 8.69 0.0601 
Error (a) 3 43.87 
Depth 2 518.03 34.28** 0.0001 
Tillage x Depth 2 74.77 4.95* 0.0271 
Error (b) 12 90.67 
Class 6 316.69 9.69** 0.0001 
Tillage x Class 6 201.66 6.17** 0.0001 
Depth X Class 12 576.90 8.83** 0.0001 
T X D X Class 11 521.18 7.88** 0.0001 
Error (c) 89 495.53 
Total 147 3,017.87 
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TABLE 37, Analysis of variance for the proportion of 
germinated foxtail seeds (PGFS) in the spring 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 351.82 
Tillage 1 2,176.89 14.38* 0.0322 
Error (a) 3 454.07 
Depth 2 2,096.52 4.40* 0.0369 
Tillage x Depth 2 28.28 0.05 0.9426 
Error (b) 12 2,859.11 
Class 6 2,912.53 2.01 0.0726 
Tillage x Class 5 1,898.54 1.31 0.2607 
Depth X Class 12 4,434.74 1.53 0.1283 
T X D X Class 11 2,378.31 0.90 0.5480 
Error (c) 86 20,745.74 
Total 144 40,326.55 
TABLE 38. Analysis of variance for the proportion of 
germinated foxtail seeds (PGFS) in the fall 
Source of Degrees of Sum of 
variability freedom squares F value P value 
Block 3 512.86 
Tillage 1 140.40 0.24 0.6587 
Error (a) 3 1,765.27 
Depth 2 20,271.72 45.99** 0.0001 
Tillage x Depth 2 233.36 0.45 0.6409 
Error (b) 12 2,644.66 
Class 6 1,435.65 0.92 0.4868 
Tillage x Class 5 912.43 0.58 0.7430 
Depth x Class 12 3,432.39 1.10 0.3738 
T X D X Class 11 3,703.40 1.18 0.3085 
Error (c) 86 22,175.51 
Total 144 57,227.66 
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TABLE 39. Analysis of variance for the total number of 
seeds per aggregate (TSA) in the spring 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 7,343.32 6.90** 0.0001 
Tillage x Class 5 256.81 0.24 0.9415 
Depth X Class 10 2,000.82 0.y4 0.5023 
T X D X Class 10 6,476.35 3.38** 0.0017 
Error 74 15,749.56 
Total 104 31,826.86 
TABLE 40. Analysis of variance for the total number of 
seeds per aggregate (TSA) in the fall 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 10 
Error 74 
Total 104 
901.65 
11.91 
519.97 
21.19 
740.02 
2,194.74 
18.76** 
0.25 
5.41** 
0.22 
0.0001 
0.9384 
0.0001 
0.9937 
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TABLE 41. Analysis of variance for the number of foxtail 
seeds per aggregate (FSA) in the spring 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 
Tillage x Class 
Depth X Class 
T X D x 
Error 
Total 
Class 
5 
5 
10 
10 
74 
104 
3,944.20 
353.59 
1,536.24 
3,597.39 
13,550.91 
22,982.33 
4.31** 
0.39 
0.84 
2.18* 
0.0018 
0.8576 
0.5930 
0.0326 
TABLE 42. Analysis of variance for the number of foxtail 
seeds per aggregate (FSA) in the fall 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T x D x Class 10 
Error 74 
Total 104 
729.92 
6 . 2 2  
461.55 
13.00 
711.14 
1,921.83 
15.81** 
0.13 
5.00** 
0.14 
0 . 0 0 0 1  
0.9817 
0.0001 
0.9990 
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TABLE 43. Analysis of variance for the number of velvetleaf 
seeds per aggregate (VSA) in the spring 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 9 
Error 74 
Total 103 
0.27 
0.21 
0.48 
0.55 
2.52 
4.13 
1.53 
1 .  18  
1.36 
1. 72 
0.1902 
0.3259 
0.2155 
0.0999 
TABLE 44. Analysis of variance for the number of velvetleaf 
seeds per aggregate (VSA) in the fall 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T x D X Class 9 
Error 74 
Total 103 
0.24 
0 . 0 6  
0.08 
0.22 
0.71 
1.31 
5.14** 
1.27 
0.89 
2.34* 
0.0004 
0.2855 
0.5473 
0.0180 
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TABLE 45. Analysis of variance for the number of 
Pennsylvania smartweed seeds per aggregate (PSA) 
in the spring 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 10 
Error 74 
Total 104 
366.92 
100.85 
330.79 
418.57 
794.62 
2,011.75 
6.83** 
1.88 
3.08** 
4.33** 
0.0001 
0.1074 
0.0025 
0.0002 
TABLE 45. Analysis of variance for the number of 
Pennsylvania smartweed seeds per aggregate (PSA) 
in the fall 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D x Class 10 
Error 74 
Total 104 
4.39 
0. 78 
0.82 
1.38 
6.40 
13.77 
10.57** 
1.88 
0.99 
1.66 
0.0001 
0.1057 
0.4600 
0.1069 
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TABLE 47. Analysis of variance for the number of 
. barnyardgrass seeds per aggregate (BSA) in the 
spring 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 10 
Error 74 
Total 104 
15. 65 
12. 15 
28.49 
30. 33 
310.24 
395.85 
0.75 
0.58 
0.58 
0 . 8 0  
0.5933 
0.7179 
0.7398 
0.5149 
TABLE 48. Analysis of variance for the number of 
barnyardgrass seeds per aggregate (BSA) in the 
fall 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
squares F value P value 
Class 5 
Tillage x Class 5 
Depth X Class 10 
T X D X Class 10 
Error 74 
Total 104 
0.44 
0.44 
0.34 
0.34 
2.24 
3.80 
3.05* 
3.05* 
1.17 
1.17 
0.0144 
0.0144 
0.3224 
0.3224 
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TABLE 49. Analysis of variance for final giant foxtail 
seedling emergence, at 20 days after seeding in 
the growth chamber 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Irrigation 2 
Error (a) 9 
Seedbed 5 
Irrigat. x S.Bed 4 
Error (b) 27 
Total 47 
1,938.89 
958.33 
53,005.55 
6,651.11 
1,965.67 
64,530.55 
9.10** 
145.54** 
2 2 . 8 6 * *  
0.0059 
0 .0001  
0 . 0001  
TABLE 50. Analysis of variance for final velvetleaf 
seedling emergence, at 20 days after seeding in 
the growth chamber 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Irrigation 2 
Error (a) 9 
Seedbed 5 
Irrigat. x S.Bed 4 
Error (b) 27 
Total 47 
1,172.22 
541.67 
17,538.89 
6,277.78 
2,583.33 
28,313.89 
8 . 2 2 * *  
36.87** 
16.40** 
0.0093 
0.0001 
0 .0001  
183 
TABLE 51. Analysis of variance for final corn seedling 
emergence, at 20 days after seeding in the growth 
chamber 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Irrigation 2 
Error (a) 9 
Seedbed 5 
Irrigat. x S.Bed 4 
Error (b) 27 
Total 47 
3,938.89 
1,091.67 
17,938.89 
31,211.11 
2,083.33 
56,263.89 
16.24** 0.0010 
46.50** 
101.12** 
0 . 0 0 0 1  
0 . 0 0 0 1  
TABLE 52. Analysis of variance for final soybean seedling 
emergence, at 20 days after seeding in the growth 
chamber 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Irrigation 2 
Error (a) 9 
Seedbed 5 
Irrigat. x S.Bed 4 
Error (b) 27 
Total 47 
3,172.22 
1,237.50 
23,426.39 
30.411.11 
2,412.50 
60,659.72 
11.54** 0.0033 
52.44** 
85.09** 
0.0001 
0.0001 
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TABLE 53. Analysis of variance for final seedling emergence 
of all species in the crisper experiment 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Species 4 
Error (a) 15 
Soil Fed Size 8 
Species x S.Ped 23 
Error (b) 93 
Total 143 
57,764.57 
838.54 
100,941.58 
39,556.68 
4,036.46 
203,237.83 
332.72** 
290.71** 
39.73** 
0.0001 
0.0001 
0.0001 
TABLE 54. Analysis of variance for giant foxtail seedling 
emergence after seven days of incubation in 
Erlenmeyer flasks 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Soil Treatment 1 
Oxygen Level 1 
Soil X Oxygen 1 
Error 28 
Total 31 
30,012.50 
2,112.50 
2,812.50 
12,950.00 
47,887.50 
64.89** 
4.57* 
6.08* 
0.0001 
0.0415 
0.0201 
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TABLE 55. Analysis of variance for corn seedling emergence 
after seven days of incubation in Erlenmeyer 
flasks 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Soil Treatment 1 
Oxygen Level 1 
Soil X Oxygen 1 
Error 28 
Total 31 
14,450.00 
450.00 
800.00 
5,700.00 
21,400.00 
70.98** 
2 . 2 1  
3.93 
0.0001 
0.1482 
0.0572 
TABLE 55. Analysis of variance for final seed germination, 
at seven days after removal from anaerobic 
conditions 
Source of 
Variability 
Degrees of 
freedom 
Sum of 
Squares F Value P Value 
Block 3 358.18 
Species 3 6,398.39 
Temperature 1 10,497.50 
Anaerobiosis 5 15,592.80 
Spp X Temp 3 9,584.00 
Spp X Anaerobiosis 15 20,095.20 
Temp X Anaerobiosis 4 8,872.40 
Spp X Temp x Anaer 12 9,162.00 
Error 129 10,169.81 
Total 175 90,730.38 
27.05** 
133.16** 
39.56** 
40.52** 
16.99** 
28.14** 
9.58** 
0 . 0 0 0 1  
0.0001 
0.0001 
0 .0001  
0.0001 
0.0001 
0.0001 
